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ABSTRACT 
The operation and maintenance of highways contributes a 
variety of pollutants to surface and subsurface waters. Solids, 
heavy metals, nutrients, oil and grease, pesticides and bacteria 
can all be associated with highway runoff. Although the full 
extent of the effect of all these runoff constituents upon the 
quality of surrounding waters is not well defined, this study 
will mainly concentrate on nutrient contaminants (essentially 
phosphorus). 
The last decade has seen increasing efforts in research 
and development to abate contaminant discharges from highway 
runoff using a number of treatment facilities such as swale and 
detention/retention ponds. An evaluation of the effectiveness 
of these systems in removing phosphorus by physical, chemical 
and biological uptake is the aim of this research endeavor. 
This study represents the first step towards the determination 
of design criteria for swales and detention/retention ponds 
based on water quality improvement. 
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CHAPTER I 
INTRODUCTION 
Phosphorus is one of the most important elements in the pro-
ductivity of natural water systems. Over fertilization of waters 
from point and non-point sources results in excessive algal pro-
duction and enhances the eutrophication process. Over stimulation 
of aquatic weeds and algae can be aesthetically objectionable, 
cause dissolved oxygen problems, interfere with recreational uses, 
and create odors and mats of floating material at shorelines. 
Attempts have been made to control lake and stream pollution by 
reducing phosphorus loadings. The rlllloff from impervious surfaces, 
such as highways, play an important role in stormwater management 
systems (Hvitved-Jacobsen et al. 1983). 
In recognition of the potentially toxic and degrading proper-
ties of highway runoff waters, a number of management practices 
have been proposed to either prevent the discharge of these waters 
into receiving bodies or to treat them prior to release. Some of 
the management practices in current use are detention basins, 
retention basins and swales. More information about the degree of 
nutrient and heavy metal removal achieved by these practices would 
be beneficial: Information in these areas would likely allow the 
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development of alternative management practices or modifications 
of existing practices to make them more cost-effective and efficient 
in terms of pollutant removal. 
Roadside swales generally consist of a network of channels 
designed to infiltrate runoff water from intermittent storm events 
or convey rainfall excess to desired locations for retention, 
detention, storage or discharge into receiving streams. Histori-
cally, they have been designed according to hydraulic criteria. 
Water quality and nutrient removal by water flowing over swale 
areas have not been fully investigated. Removal rates of pollu-
tants are generally estimated based on infiltration data only. 
Consequently, there is little or no data in the literature evalu-
ating the efficiency of swales to remove nutrients before their 
discharge to the receiving water body. 
The Florida Department of Environmental Regulation Chapter 
17-25 (1983) defines swales as "man-made trenches ... ,and ... is 
designed to take into account soil percolation " . . . . Swale systems 
utilized to control stormwater quantity may be effective for pol-
lution control if proper considerations of volume, routing, 
infiltration, and pollutant removal efficiencies are adequately 
assessed in the design phase. It must be realized that soil con-
ditions such as antecedent moisture content, infiltration rate, 
existing foliage, soil characteristics, types of undesirable debris, 
swale maintenance procedures, land slope, swale geometry and 
hydrologic characteristics of the site are important parameters 
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which affect the efficiency of swales. In a watershed with high 
100isture content in its soil, limited percolation capacity and 
an excess of decaying vegetation clogging soil pores, the effec-
tiveness of swales for infiltration of runoff and pollutant mass 
removal should be expected to be reduced when compared with swales 
placed in areas with more optimal conditions. 
The use of detention/retention ponds as control facilities 
for highway flooding by hydraulic overloading is well known. 
However, the effectiveness of these ponds for removing pollutants 
and nutrients has not been fully investigated as a basis for design 
criteria and water quality improvement. 
Pollutants emitted by automobiles are deposited on the high-
way system or transported by advective and diffusive airborne 
mechanisms. Other transport mechanisms include stormwater washoff 
and/or splashing of contaminated stormwater from roadway surface 
by vehicles. Once washed off the highway surface, contaminants 
may be carried with the runoff water to receiving water bodies or 
they may infiltrate into the soil. The extent of infiltration will 
depend on existing soil moisture conditions, intensity and duration 
of rainfall, soil type, vegetation cover and the topography of 
adjacent lands. Pollutants associated with particulate matter will 
probably be attenuated by the surface soil layers, while dissolved 
forms may move downward into the soil. 
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For design purposes, there is some current information in the 
literature concerning the fate of phosphorus in swales and deten-
tion/retention ponds, but there is little or no information 
written relating the activities of phosphorus in swale systems. 
Many similarities between nutrient removal processes in swales 
and detention/retention ponds and in surface water systems like 
lakes might be expected. Therefore, the importance of the bottom 
sediments as a sink for phosphorus and the exchange processes 
at the sediment-water interface will be given special attention. 
The role of lake sediments and their impact on water quality has 
been studied by others (Mortimer 1941 and Hutchinson 1957). 
Objectives and Scope 
The primary objective of this study is to understand and 
quantify the relationship between phosphorus loading to swales 
and detention/retention ponds, removal efficiencies in these sys-
tems, and resul~ing water quality. This study comprises investi-
gations of: 
1. Phosphorus content of highway runoff 
2. Phosphorus content of highway runoff after flowing 
over a swale area 
3. Phosphorus removal efficiencies of swales 
4. Phosphorus loadings to the detention/retention pond 
and resulting quality of both the water body and 
sediments 
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Highway runoff has been collected to determine phosphorus 
content. Data collected from several swale experiments are pre-
sented and evaluated.. Furthermore, in situ isolation chamber 
experiments have been conducted in the pond to quantify the 
importance of processes at the water-sediment interface. 
The approach of this study is to point out factors and 
parameters which might be regarded as important criteria for the 
design of swales and/or detention/retention ponds. It is also 
very important to this study to mention that the roadside pond 
investigated at the Maitland Interchange has been receiving storm-
water for approximately seven years, and that the quality of 
the water body is very high. This high quality has resulted even 
though the nutrient loadings to the pond are sufficient, one 
would think, to cause pollution problems. It is of particular 
interest to study the reasons for this exceptionally high quality. 
CHAPTER II 
LITERATURE REVIEW 
Phosphorus is one of the essential elements for the productivity 
of natural water systems and is generally associated with acceler-
ated eutrophication problems. Over-fertilization of waters from 
point and nonpoint sources results in excessive production of 
aquatic weeds and algae which can be aesthetically objectionable, 
create odors, cause dissolved oxygen problems, interfere with recre-
ational uses and create mats of floating material at shorelines. 
Attempts have been made to control lake and stream pollution by 
reducing phosphorus loadings. 
Roadside swales are used to convey and control highway runoff, 
and historically, they have been designed according to hydraulic 
criteria. Water quality after flowing over swale areas has not 
been fully investigated, and removal rates of pollutants are 
generally estimated based on infiltration data only. Consequently, 
there is very little or no data in the literature evaluating the 
efficiency of swales to remove nutrients before their discharge 
to the receiving water body. However, there is a vast amount of 
information written about the fate of phosphorus in aquatic systems. 
This chapter reviews phosphorus dynamics and transformations 
that occur in aquatic systems. Also included is a discussion of 
highway runoff, swales and detention/retention ponds. 
6 
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Phosphorus in Highway Runoff 
The amount of pollutants on a highway surf ace is dependent on 
traffic volume, vehicle emissions and friction wear, local land 
use conditions and highway maintenance procedures (Gupta et al. 
1981; Asplund et al. 1980). The major constituent of street sur-
face contaminants has been found to be inorganic, mineral-like 
matter, similar to common sand and silt. In addition, Sartor et 
al. (1974) determined that one-third to one-half of the total 
phosphorus was held within the fine solids (less than 43 microns) 
which only accounted for 6% of the total solids by weight. They 
divided solids into three groups: < 43 µ, 43 1J - 246 µ, and > 246 lJ •. 
The total phosphorus fraction by weight was 56.2, 36.0 and 7.8 
percent, respectively. 
Shaheen (1975) has shown that while a majority of the solids 
are related to traffic volumes, less than 5% originate from the 
vehicles themselves. This implies that vehicles must function as 
both a source and transport mechanism for pollutants. The pollu-
tants deposited by vehicles consist of direct and indirect or 
"acquired" pollutants. Direct pollutants result from wear and tear 
on the vehicle as well as exhaust emissions. Acquired pollutants 
are solids and aerosol films that vehicles collect from industrial 
sites, parking lots, construction sites, farming areas, etc., and 
transport for later deposition onto roadway surfaces during storms. 
Most of the phosphorus deposited on the highway is attributed to 
8 
oil and gasoline leakage and combustion productions (Asplund et al. 
1980). Gas and oils contain additives such as antioxidant Zn-
dithiophosphate (Lagerwerff and Specht 1970). Indirect sources of 
phosphorus depend on where the vehicle has been and what it has 
picked up, and will be highly variable from one vehicle to another. 
Rimer et al. (1978) collected runoff water samples and deter-
mined the total phosphorus concentrations for the seven land types 
listed in Table 1. The data indicate that the highest phosphorus 
concentration level was found in the runoff from low activity rural 
land. This finding bears a direct relationship to the agricultural 
practices (fertilization) associated with that particular land use 
classification. More phosphorus is applied to agricultural land than 
to other land types. Some of this phosphorus will end up on the 
roadways due to vehicular transportation and wind blown dust. The 
data also indicate, except for the first and last land types, that 
the level of nonpoint source phosphorus increases with increasing 
impervious area and vehicular activity. Of course, the low activity 
rural land type must be deleted from this trend because of fertili-
zation activities. Perhaps the central business district does not 
fit this trend because of the street sweeping activities of this area. 
Gupta et al. (1981) investigated the highway runoff of the 
six highway locations in different parts of the country. The phos-
phorus data from this study are presented in Table 2. The sample 
sites represent direct runoff from highway surfaces except for one 
9 
TABLE 1 
AVERAGE PEAK CONCENTRATIONS OF PHOSPHORUS IN RUNOFF 
WATER SAMPLES FROM VARIOUS LAND USE DRAINAGE AREAS 
(Rimer et al. 1978) 
11 of Percent 
Land Cover Types Storms Impervious 
Sampled Area 
Low Activity Rural 5 2.7 
High Activity Rural 5 5.1 
Low Activity Connne rci al 9 12 
Low Activity Residential 9 16 
High Activity Residential 8 32 
High Activity Commercial 8 35 
Central Business District 11 80 
TABLE 2 
CONCENTRATIONS OF NUTRIENTS IN HIGHWAY RUNOFF 
(Gupta et al. 1981) 
Total Phosphate, m~/l 
Overall 1976-77 Non-Winter Monitoring Periods a Period 
Avg. Range Avg. Range Avg. 
Milw.-Hwy. 794 0.50 0.12-1. 81 0.31 0.12-0.63 0. 90 
Milw.-Hwy. 45 0.52 0.10-1.27 0.48 0.10-1.27 0.59 
Milw.-Grassy Site 0.81 0. 31-1. 51 0.90 0. 33-1. 51 0.64 
Harrisburg 0.34 0.05-0.86 0.29 0.05-0.56 o. 39 
Nashville 1.92 0. 77-3.55 1. 89 0.77-3.55 1. 97 
Denver 0.92 0.48-2.36 0.92 0.48-2.36 
TP, mg/l 
1.40 
0.76 
0.83 
0.84 
1.03 
1.08 
0.66 
Winter 
Periodsb 
Range 
0.28-1.81 
0. 28-1. 2 3 
0. 31-1.11 
0.12-0.86 
0. 7 8-3. 50 
c 
a. Represents monitoring periods from April through October, 1976-
77. Actual numbers may vary between sites. 
b. Represent.s monitoring periods from November through March, 1976-
77. Actual numbers may vary between sites. 
c. No storm events monitored during winter at Denver due to lack 
of sufficient precipitation. 
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Milwaukee site that was selected for grass cover. This site was 
chosen in an attempt to characterize runoff from the highway 
after flowing over a grassy area. The overall average total phos-
phorus concentration ranged from 0.50 to 1.92 mg/l. The grassy 
site had an average total phosphorus concentration of 0.81 mg/l 
which is higher than some of the sites and lower than others. 
This indicates that the possible effects of the grassy area were 
minimal. The phosphorus loading data is given in Table 3. The over-
all average total phosphate loading ranged from 0.24 to 0.124 lbs/ 
acre/event. 
A comprehensive study of stormwater quality was conducted by 
Weibal et al. (1964) in Cincinnati, Ohio. An 11 hectare residential 
and light commercial urban area having a population density of nine 
persons/acre was studied. The study area was 37% impervious and 
was serviced by a separate storm sewer system. Stormwater runoff 
samples collected from this area had an average hydrolyzable phos-
phate concentration of 1.1 mg/l. The annual average phosphorus 
loading rate was determined to be 3.8 kg/ha. Colston (1974) deter-
mined the mean total phosphorus concentration to be 0.82 mg/l for 
urban land runoff in Durham, North Carolina. The computed annual 
pollutant yield was 4.7 kg/ha. In 1959 and 1960, runoff samples 
from street gutters were analyzed in Seattle, Washington (Sylves-
ter 1960). For the 35 storms analyzed, the median total phosphorus 
concentration was 0.16 mg/1. This study recommended discontinuing 
the urban drainage to Green Lake. 
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The quality of runoff from a rural highway bridge near 
Tallahassee, Florida w~s investigated by Irwin and Losey (1978). 
The mean total phosphorus concentration was determined to be 0.15 
mg/l . and ranged from 0.01 to 0.30 mg/l. Beaven and McPherson 
(1978) studied the runoff quality of a highway interchange, I-95 
and S.R. 836, in Miami, Florida, and reported that the total phos-
phorus concentration of the runoff averaged 0.08 mg/l. 
These studies indicate that highway runoff contains concentra-
tions of phosphorus that are likely to cause pollution problems 
to the receiving water body. In many cases, the runoff water is 
channeled through swale areas before discharge to the receiving 
water body. Little et al. (1983) from the University of Washington, 
attempted to determine the amount of nutrient removed from runoff 
flowing through vegetated channels (swales). Although no specific 
data is given, they report that total phosphorus and soluble 
reactive phosphorus were . reduced by at least 20% during flow through 
a 73 meter vege~ated channel. However, some of the samples showed 
higher soluble reactive phosphorus levels in the channel than in 
the input flow, while total phosphorus was still reduced by the 
channel. Possible reasons given for the decline in nutrient removal 
indicated by these samples include reduced vegetative growth in 
the fall and possible release of phosphorus due to decomposition 
of dead plant.material. 
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Khalid et al. (1981) demonstrated that overland flow of 
sewage could be effective in removing phosphorus as a result of 
grass uptake. However, he concluded that while initial 
phosphorus removal and retention were high, after long periods of 
flooding of the soil, the phosphorus sorption capacity markedly 
decreased. This decrease was followed by an increase in phos-
phorus m::>bility. 
Characterization of Phosphorus 
Phosphorus tends to be the limiting nutrient in aquatic 
productivity due to its usually low concentrations in the environ-
ment and its biological demand (Dillon and Rigler 1974; Jones and 
Bachmann 1976; Schindler 1978). It plays a major role in nearly 
all phases of metabolism and is required in the synthesis of 
nucleotides, phosphatides, sugar phosphates, and other phosphory-
lated intermediate compounds. Of vital importance are the energy 
transformation reactions involving the two enzymes adenosine di-
phosphate (ADP) and adenosine triphosphate (ATP) and the phosphory-
lation reactions of photosynthesis. When energy is increased to 
a system, more of the phosphorus is bound up in organic storage, 
leaving the pool of available raw nutrients in short supply, and 
limiting production (Odum 1983). One principle step of lake 
restoration projects in recent years has been to control and limit 
the input loading of phosphorus as well as the internal cycling 
of phosphorus. 
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s'd-luhle orthophosphates that enter a water body are readily 
a_s_s_i_m_i_l_a_t_e_d __ b __ ......__l _a_n_t _s and other aquatic organisms, forming parti-
culate organic phosphorus compounds. At death and during decom-
position at the sediment, most phosphorus is in organic form and 
. 
must undergo bacterial degradation before it is again available 
as orthophosphorus (Wetzel 1975). Mortimer (1942) found that the 
sediment layer acts as a sink and is able to release phosphates 
into the water colurrm under favorable conditions. This phosphorus 
cycle is schematically presented by Campell (1977) as shown in 
Figure 1. 
Among the phosphorus-containing compounds found in natural 
waters, inorganic soluble phosphates are the most significant 
(Lung et al. 1976). Inorganic phosphates occur largely as ortho-
-3 phosphate (Po4 ), or as ~dens:~¥ phosph; tes, such as metaphos-
. -5 -4 phate (Po 3-), triphosphate (P 3o10 ), and pyrophosphate (P2o7 ). 
The condensed phosphates are generally hydrolyzed in a ueous 
• O'it'".I:.~~ 
solutions to the more coilllllon ortho form (Hutchinson 1957). Separ-
ation of the total phosphorus into inorganic and organic fractions 
indicates that a large majority of the total phosphorus is in the 
organic phase. Of the total organic phosphorus, up to 70 percent 
and IOC>re is within the sestonic (particulate) organic material. 
Soluble organic phosphorus includes a major fraction of colloidal 
phosphates. Therefore, it is evident that in many water bodies 
only a small fraction (less than 5%) of the total phosphorus present 
15 
INDUSTRIAL PROCESSING 
Fig. 1. The Phosphorus Cycle (Campbell 1977). 
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is available as soluble orthophosphorus (Stumm and Sturrrrn-Zollinger 
1972). -3 It is important to note that the orthophosphate ion (Po4 ) 
is very chemically reactive and that there is also a great biologi-
cal demand for it. Free and unattached phosphates are continually 
cycled and recycled. 
Phosphorus Transformations in Natural Water Systems 
Soluble and particulate phosphorus enter the system by point 
and nonpoint discharges such as industrial and municipal waste, 
stormvater runoff, direct precipitation, wildlife waste, and urban 
drainage. Particulate phosphorus will tend to settle in the aquatic 
environment; however, fine colloidal particles may not be settle-
able. The rate of settling is affected by particle size, specific 
gravity, and surface configuration (McKee et al. 1970). Larger 
and heavier particulates will settle near the discharge point while 
more flocculent material will settle slower and will be carried to-
ward deeper parts of the water body by density currents. There is 
strong evidence that phosphates are sorbed to clay particles (Hesse 
1973). Amorphous iron and aluminum hydrated oxides with hydroxyl 
groups in surf ace positions react readily with orthophosphate by 
exchange adsorption and replacing of orthophosphate for hydroxyl 
(Williams et al. 1971). Sridham and Lee (1974) studied sediments 
of Lower Green Bay, Wisconsin and determined that phosphorus asso-
ciated with iron and aluminum particles is more tightly bound when 
compared to more flocculent, clay-type material. 
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Soluble orthophosphorus in addition to a small fraction of 
the polyphosphates and organically bound phosphorus are available 
to algae, plant and animal life in aquatic systems. Soluble phos-
phorus quickly disappears when added to lake waters. This is due 
largely to the sorption of the phosphate ion onto the lake sediment 
and to precipitation and coprecipitation. The dissolved phosphorus 
that does remain in ionic balance with the surrounding water may be 
converted into algal cell material by converting soluble phosphates 
into organic phosphorus compounds. At death, some of the organic 
phosphorus is released to the surrounding water, and the remaining 
phosphorus of the dead cell settles to the sediment to be recycled. 
Golterman (1973) indicates that the amount of time for phosphorus 
to cycle between soluble form, cell incorporation, and subsequent 
lysis is about 10 days. 
Submerged, emergent and floating-leaved macrophytes are impor-
tant in the phosphorus cycle. The roots and leaves function in the 
absorption of nutrients which are later recycled through decompo-
sition (Landers and Lottes 1983). Hayes and Phillips (1958) indi-
cated that phosphorus is absorbed by the littoral vegetation as 
well as the phytoplankton. It was observed that phosphorus apparent-
ly was released slowly by plants, but more rapidly from algae. 
With the decay of annual macrophytes at the end of summer, release 
of phosphorus ·from decaying vegetation can be expected. Carignan 
and Kalff (1982) have also discovered that living submerged 
18 
macr?phytes are able to release phosphorus to the water in a very 
soluble and available form. They determined that between 3.4 and 
8.9% of the phosphorus present in loosely held epiphytes was con-
tributed by the macrophytes. 
Role of Bottom Sediment 
The exchange of phosphorus between the sediment and overlying 
water is a major component of the phosphorus cycle in natural waters 
(Mortimer 1942; Fillos and Swanson 1975; Jacoby et al. 1982). 
Release of phosphorus under anaerobic conditions at the sediment-
water interface is a well documented phenomenon. However, there is 
little correlation between the amount of phosphorus in the sediments 
and the productivity of the overlying water. In fact, the mass of 
phosphorus in bottom sediments may be several orders of magnitude 
greater than the mass in the overlying water. 
Phosphorus in the sediment occurs as organic phosphate compounds 
in various stages of decomposition, as precipitates of phosphate with 
carbonates, and as phosphate sorbed on clays and ferric compounds. 
The phosphorus content in the sediment of several Florida lakes is 
highest near the water-sediment interface and decreases with in-
creasing sediment depth (Stewart 1976). 
The degree of interaction between the bottom sediments and the 
overlying water body is controlled by the oxygen content and redox 
potential of the top zone of the sediments. Mortimer (1942) ob-
served that changes in redox conditions occurring at or near the 
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sediment surface are associated with and probably control the 
exchange rates of ions between the sediment and water. Mortimer 
(1971) later concluded that an oxygen concentration of 1 or 2 mg/l 
at the sediment surf ace prevented exchange between sediment and 
overlying water. However, a progressive decline in oxygen concen-
tration below 2 mg/l to analytical zero at the interface was accom-
panied by a decline in electrode potential in the upper few 
millimeters of sediment. This low concentration correlated with 
mobilization and transfer of manganese and later iron into the 
water. In addition, there was a concurrent transfer of substantial 
quantities of phosphate into the water. Holdren et al. (1977) 
studied phosphorus movements between the sediments, interstitial 
pore water, and overlying water. Phosphorus is first released from 
sediment particles into the interstitial pore water, then released 
into the water column from the interstitial water through diffusion 
mechanisms. The observations of Fillos and Swanson (1975) indicate 
that, during aerobic conditions in the overlying water, phosphates 
emanate from the deeper anaerobic layers of the benthal deposits to-
ward the surface. When they reach the surface, the phosphates are 
retained in the aerobic layer predominantly by ferric complexes. 
When the conditions become anaerobic, the ferric complexes break 
down and the phosphorus is released to the overlying water. Obser-
vations by all ~esearchers indicate that only the top few millimeters 
of the sediment remain aerobic under normal conditions, thus indicating 
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that small changes in the oxygen content of overlying water may 
trigger release of phosphorus. Some typical release rates found 
in the literature are compiled in Table 4. 
TABLE 4 
PHOSPHORUS RELEASE RATES AS GIVEN IN THE LITERATURE 
Release Rate Researcher 
rng-P /rn2 /day 
30 Fillow and Molof (1970) 
1. 2 Anderson (1974) 
9.4 Anoub (1975) 
3 Fillos and Biswas (1976) 
0.8 Serruya (1974) 
1-18 Kamp and Nielson (1974) 
4.8 Marshall (1980) 
13 Jellerson (1981) 
The role of iron in the sediment-water phosphorus exchange is 
described by Theis and McCabe (1978). The conditions of pH and 
oxygen of the water column are such that iron is oxidized to ferric 
ion, Fe(III). The insoluble ferric ion then settles to the bottom. 
During anoxic conditions, Fe(III) is reduced to Fe(II) and bound 
phosphorus is released to the overlying water. 
Yousef (1979) fotmd that mixing the water column by artificial 
means (motorboats) increased phosphorus concentrations and 
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productivity of several Florida lakes. The only source of the 
phosphorus was determined to be the sediment. This indicates that 
lake sediments disturbed by turbulent mixing may release phosphorus 
to the overlying water and affect productivity. 
Phosphorus mobilizing bacteria are important in the dynamics 
of phosphorus cycling. Bacteria at the sediment-water interface 
concentrate and transport phosphorus through the sediments or the 
overlying water body (Hayes and Phillips 1958) . Bacteria of the 
sediments, Pseudomonas and Chromobacterium for example, need phos-
phorus to sustain life and are involved in other processes which 
effect the migration of phosphorus between sediment and water 
phase. While bacteria are of major importance to phosphorus cy-
cling in the water, their role in expediting phosphorus exchange 
across the sediment-water interface is relatively minor in compar-
ison to chemical equilibria (Pomeroy et al. 1965). 
The chemical properties of a water saturated soil are similar 
to those previously discussed for bottom sediments. Waterlogged 
soil will be found in swales that are continuously wet or contain 
water most of the time. The waterlogged soil exhibits bottom sed-
iment properties because of the fact that it is oxygen deficient. 
The oxidized surface of the soil is reduced and this results in 
the liberation of ammonia, hydrogen sulfide, iron (II), organic 
cumpounds, silicates and phosphates. Iron (II) ions diffuse up-
ward through to the soil surface where they are oxidized and form 
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a thin layer of iron (III) hydroxide and iron (III) humate complexes. 
These compounds accumulate as a flocculent layer and strongly adsorb 
ions such as phosphates. When these compounds are destroyed by re-
duction of the iron, phosphates and other ions are released into 
the water. 
Detention/Retention Ponds 
Detention/retention ponds have traditionally been used in 
stormwater management programs to control an_d eliminate flooding in 
urban areas. The fundamental purpose is to reduce the rate of water 
flow by providing temporary storage. Therefore, the pri~ary design 
considerations have been the volume of storage required and the 
maximum permitted release rate (Poutneu 1974). Urbanization greatly 
increases the poliutant loadings that reach streams and other re-
ceiving bodies due to nonpoint source pollution from housing, streets, 
shopping centers and other commercial and industrial facilities. 
Th~s, it becomes important to consider the impact of urbanization 
and pollution when developing stormwater management programs. Ac-
cordi~g to a study p2rformed by Randall (1982), quality management 
can be easily incorporated into flood management strategies such as 
the utilization of detention ponds; and, in a few cases, the protec-
tion of water quality might be the most critical need. 
Suspended solids in urban stormwater runoff carry considerable 
quantities of other pollutants sorbed to their surfaces, such as 
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phosphorus, heavy metals, and petroleum-based organics. Therefore, 
sedimentation in detention/retention ponds can be a feasible means 
of improving and controlling water quality. However, very little 
information is available in the literature regarding the settling 
characteristics of urban runoff pollutants. The trap efficiency of 
detention basins for sediment has been studied and has been corre-
lated to grain size and particle settling velocity in still water 
(Chen 1974; Ward et al. 1977). These results cannot be satisfac-
torily translated into pollutant settleability results because of 
differing specific gravities and because the association of certain 
pollutants with particulates has not been adequately described. 
Whipple and Hunter (1981) conducted a study of the settle-
ability of specific pollutants found in urban stormwater runoff after 
settling in a sedimentation column for 32 hours. The results in-
dicate that removal of suspended solids, hydrocarbons, lead and 
total phosphorus averaged 68 3 68, 65 and 50 percent, respectively. 
The removal of total phosphorus averaged 50% and ranged from 30 to 
67%. These removals are significant and sedimentation would be 
beneficial in efforts to improve water quality. It should be noted 
that most of the removal for all pollutants (higher than 70%) was 
accomplished during the first 16 hours. Whipple and Hunter con-
cluded that the settleability of specific pollutants differs widely, 
and that within ·each class of pollutants, there is considerable 
variation in settleability from runoff of different sites. Their 
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data does not sustain the assumption that pollutants will settle 
out in amounts proportionate to their respective particulate con-
centrations. 
· Another settleability study for runoff samples from three 
shopping center parking lots during a total of seven runoff events 
was conducted by Randall et al. (1982). Samples were taken from a 
column for 48 hours and the particle size distribution of all seven 
samples was measured. The results indicated that 80% of the total 
particles were less than 15 µm. The initial pollutant concentra-
tions in the seven samples varied widely and the results indicate 
that total suspended solids removal was 80% or greater for all 
tests. The data also shows that the highest suspended solids con-
centration observed after 6 hours of settling was 40 mg/l, with an 
average of 25 mg/l, even though the initial concentration varied 
between 15 and 721 mg/l and averaged 183 mg/l. After 24 hours, all 
suspended solids concentrations were less than 20 mg/l. The removal 
efficiencies for TSS, COD, TOC, TP, TN, Zn and Pb by sedimentation 
averaged 90, 45.5, 34, 56, 33, 44, 86 and 64 percent, respectively. 
These removals are higher but generally consistent with those 
obtained by Whipple and Hunter (1981). 
Randall et al. (1982) concluded that the pollutants in urban 
stormwater can be substantially reduced by gravity sedimentation , 
but the concentrations remaining in the water column may still be 
quite high after settling has been accomplished. The majority of 
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particles in urban runoff are less than 15 µm in diameter and these 
particles behave similarly to flocculent suspended solids. Except 
for lead, pollutant removals did not correlate well with TSS removal 
although higher TSS concentrations generally produced higher pollu-
tant levels. 
The stormwater quality characteristics in detention basins were 
investigated in a study by Ferrara and Witowski (1981). The study 
presented the results of a stormwater quality sampling program con-
ducted to describe the time variable influent and effluent concen-
trations of chemical oxygen demand, total phosphorus, total kjeldahl 
nitrogen (TKN), and solids during various storm events. Concentra-
tions in three separate particle size ranges for each of the four 
parameters were determined. This allowed for the development of a 
relationship between particle size distribution, settling velocity 
and efficiency of removal. The study site was a stormwater detention 
basin located in Somerset County, New Jersey. The drainage area 
tributary to the detention basin is characteristic of rural-suburban 
development. The mix of land uses is shown in Table 5. The con-
clusions of the study reveal that the basin was shown to be generally 
effective in reducing TP, particularly for the largest storm (over 
40% reduction). However, TKN concentrations and loadings were 
generally increased. 
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TABLE 5 
LAND USAGE IN STUDIED AREA 
Land Use Area (acres) 
Residential High Density 
Residential Low Density 
Construction Area 
Pasture/Grass Land 
Cropland 
Forested 
TOTAL: 
158 
110 
138 
63 
46 
122 
637 
The trap efficiencies of Lake Ellyn, located approximately 
14.5 miles west of Chicago, Illinois in the suburban community of 
Glen Ellyn, was investigated by Hey (1982). Eighty percent of 
the drainage basin was low density single-family residential, three 
percent was high density residential, ten percent was commercial 
and institutional, and the remaining seven percent was open land 
and water. The watershed was criss-crossed by 18 miles of road. 
Counting roads, parking areas, driveways, sidewalks and roofs, the 
watershed was 34 percent impervious. Stormwater precipitation and 
a small amount of leakage from the potable water supply system were 
the only known sources of water for the lake. A substantial detention 
time of 674 hours is afforded by Lake Ellyn. The study period covered 
July 1, 1980 through June 30, 1981, and 95 storms occurred 
during the study period depositing 38.0 inches of water with a mean 
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storm producing 0.4 inches. The mean duration of storm was 4.05 
hours with 87.1 hours between storms. In the case of both total 
phosphorus and dissolved phosphorus, the trap efficiency was much 
better on the annual basis than for the storm event basis. Part 
of this trap efficiency results from phosphorus being tied up by 
phytoplankton and other plant life and then later being released 
in other chemical forms. In the case of total phosphorus, part 
is being deposited while dissolved phosphorus is leaving the lake, 
unmeasured, associated with suspended material (e.g., algal cells). 
Negative trap efficiencies were reported for Cl, NH4 and dissolved 
lead. The apparent production of NH4 and hence a negative trap 
efficiency was due to anoxic conditions at the lake bottom and 
the reduction of nitrates. On the other hand, deposited Pb appeared 
to be complexing with chlorides increasing dissolved lead concen-
trations and the load leaving the lake (Hey 1982). 
Hey (1982) concluded that Lake Ellyn has accumulated various 
pollutants in the bottom. As they build up, greater quantities of 
materials would be expected to be released. At some point in 
time, 5 or 10 years from now, in order to rejuvenate the deten-
tion benefits of the lake, these materials will have to be removed 
and "immobilized'' somewhere else. 
Studies have shown that urbanization greatly increases the 
pollutant quantities that reach the streams and other receiving 
bodies of water, and that this impact of urbanization needs to be 
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considered when developing land use plans and stormwater management 
strategies. Most pollutants of concern have a high affinity for 
the suspended solids in runoff and for soil particles. Thus, the 
most logical way to achieve pollutant removal is through sedimenta-
tion and infiltration. Consequently, detention pond design for water 
quality control should maximize settling. In general, quiescent 
short-circuiting should be minimized. The utilization of wet ponds 
rather than dry ponds will generally improve quiescent conditions, 
maximize infiltration, and provide a degree of biological treatment. 
In addition, there exists a need for performance evaluations of 
existing detention ponds to determine nutrient removal efficiencies. 
Wetlands Storage/Treatment Systems 
Detention/retention marshes are transitional ecosystems located 
in watersheds between terrestrial and aquatic ecosystems. They are 
usually wet, dominated by herbs, and have a highly mineralized soil. 
These wetlands receive a substantial amount of organic and inorganic 
matter. They may act as nutrient sinks, removing nutrients (nitrogen 
and phosphorus) from the water leaving the wetlands, thereby improving 
the water quality (Winkellman 1981). 
The use of wetlands for nutrient removal has come into focus 
in the last decade. Wetlands have been utilized for storage and 
treatment of both stormwater and secondary wastewater effluent. 
Wastewater effluent has been applied to many types of natural 
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wetlands from Florida to Canada's northwest territories. In all 
of these studies, some nitrogen and phosphorus was removed from the 
wastewater as it flowed through the wetland. However, a more quan-
titative assessment is needed of the capacities and limitations of 
wetlands to remove nutrients (Nichols 1983). 
The capacity of natural wetlands to remove nutrients from 
wastewater was studied by Nichols (1983). The study reviewed the 
mechanisms by which wetlands remove nutrients and, at the same time, 
attempted to develop a relationship between wastewater N and P 
application rates and efficiency of N and P removal by wetlands. 
The wetland vegetation serves a number of important functions 
in purifying wastewater. The initial mechanism for removing some 
of the nutrient load is by filtering and settling of inorganic and 
organic particulate matter and the nutrients associated with it as 
the wastewater spreads out and passes slowly through the wetland 
community. The vegetation also seems to provide a substrate for 
the · attachment of decomposer microorganisms, behaving somewhat like 
a trickling filter in breaking down dissolved organic material. 
For emergent wetland vegetation, the soil rather than the water 
is the major source of nutrients. Klopatek (1975 and 1978) 
calculated a nutrient budget for a stand of Scorpus fulviatilis 
in a Wisconsin marsh and found that about 17.5 g/m2 of N and 3.8 
2 g/m of P per year were translocated from the wetland soil to the 
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plant shoots. At the end of the growing season, about 12% of this 
N and P was transferred to the below-ground portions of the plants 
and stored over winter, 42% of the N and 58% of the P was leached 
into . the water, and the remainder was found in the dead plant mater-
ial. Prentki et al. (1978) reported a similar budget for P in a 
Wisconsin cattail marsh. 
Under natural unharvested conditions, the growth of wetland 
vegetation represents only a minimal annual nutrient sink. Nutrient 
retention by wetlands is generally the greatest during periods of 
active vegetation growth and is low during the non-growing season. 
Release from dead vegetation often results in a net export of nu-
trients from wetlands at certain times of the year. The death of 
wetland vegetation is typically followed by the rapid release to 
the water of 35 to 77% of the plant tissue P and somewhat smaller 
but still substantial amounts of N. Lee et al. (1975) concluded 
that much of the P assimilated by two Wisconsin cattail marshes 
during the growing season is flushed out during the fall and spring. 
Cattail marshes adjacent to Lake Wingra, Wisconsin retained 83% 
of the P input from storm sewers during the sunnner, but only 1% in 
the fall and 8% in the spring, for annual retention of only 10%. 
In a study of small artificial marshes to which wastewater effluent 
was applied, almost all of the P that accumulated in the marshes 
during the growing season was lost during the fall. Even this 
temporary storage of wastewater nutrients by wetland vegetation may 
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benefit downstream water quality because these nutrients are tied 
up during the growing season and released during the non-growing 
season. Also, part of the P is converted from available to non-
available forms. Thus, the eutrophication potential of wastewater 
may be lessened by its interaction with wetland vegetation. 
At low loading rates, wetlands have the capacity to remove much 
of the P applied, and to continue to do so for many years. However, 
as the loading rate is increased, efficiency of P removal declines 
rapidly. 2 At a loading rate of 1.5 g P/m -yr, about 68% or 1.0 
g/m2- yr would be removed from the wastewater. If the loading rate 
2 quadrupled to 6 g P/m -yr, P removal would increase only 2 . 8 times 
2 to 2.8 g/m -yr, or a 47% removal. A 10-fold increase in P loading 
to 15 g/m2-yr increased P removal only 4.5 times to 4.5 g/m2-yr, 
or a 30% P removal (Nichols 1983). 
Hydrologic conditions in a wetland can also effect the removal 
of P. Higher P loading rates are generally accompanied by higher 
hydraulic loadings so that retention times in the wetland are re-
duced and less time is allowed for P removal reactions to occur. 
At very high loading rates, nutrient removal may be limited primarily 
to the sedimentation of particulate forms. Wetland morphology is 
also important. As the depth of the water in a wetland increases, 
the chance for reactions between wastewater nutrients and the wetland 
soil decreases: On the other hand, a deep-water wetland will have 
a longer retention time than a shallow-water wetland, given the 
same hydraulic loading. 
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Some patterns and conclusions were evident from the Nichol's 
study, and some estimates were made of the capacity of wetlands to 
remove nutrients from wastewater. Wetlands retain wastewater P by 
adsorption and precipitation with Al, Fe and Ca in the soil. With 
continued application, the capacity of wetland soils to retain P 
declines as the soil becomes saturated. Wastewater N is removed 
by denitrification in the wetland soil. Denitrification is depen-
dent on a supply of available organic carbon. In typical wetlands 
with large amounts of organic matter in the soil, N removal does 
not seem to decline with time, in contrast to P removal. Wetland 
vegetation can absorb large quantities of N and P during the growing 
season, but much of it is released to the water when the plants 
die. The removal of N and P by wetlands is most efficient at low 
N and P loading rates. Removal efficiency of both N and P falls 
off rapidly as loadings are increased. On the average, perhaps 1 
ha of wetland is required to remove 50% of the N and P from the 
wastewater with loadings of approximately 130 g P/day and 650 g-
N/day (Vollenweider 1968). 
Phosphorus in bottom sediments may be derived from many sources. 
The organic fraction, usually proteins or enzymes, may come from 
bottom organisms or from organisms that sink from the water above. 
The inorganic fraction may come from the breakdown of organic mater-
ial or from minerals in stormwater runoff and rainfall. The common 
inorganic form, phosphate, is often sorbed on organic colloids, 
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associated with carbonates or precipitated by aluminum, iron 
or manganese. 
Phosphate uptake and release from bottom materials are con-
trolled mainly by pH and redox potential at the water sediment 
interface, by concentrations of oxygen, iron, aluminum and man-
ganese, and by sediment mixing and agitation. Under anaerobic 
conditions, which result in low redox potential, phosphorus is 
released from the sediment. Under aerobic conditions, however, 
it is bound in the sediments with iron, aluminum, and manganese 
hydroxides and oxides. 
CHAPTER III 
FIELD EXPERIMENTATION AND ANALYSIS 
Field experiments, sampling procedures and laboratory analysis 
were designed to evaluate the fate of phosphorus in stormwater 
management systems receiving highway runoff. An effort has been 
made to quantify and explain the removal of phosphorus from highway 
runoff flowing over roadside swales and/or discharged into ponds. 
Two sites representative of the Central Florida area were selected 
for this study. This chapter covers site descriptions, field ex-
perimentation and methods of analysis. 
Site Descriptions 
A series of experiments were conducted at two locations in 
the Central Florida area. The study sites included an older 
established area at the Interstate-4/Maitland interchange and a 
newly constructed highway drainage area at EPCOT interchange of 
Interstate-4 as shown in Figure 2. 
Maitland 
Maitland/I-4 Interchange is located just north of the city 
of Orlando, Orange County, Florida. The interchange was constructed 
in 1976 and consists of a bridge overpass crossing Interstate-4. 
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Fig. 2. Study sites selected in Orange County, Florida 
for best management of highway runoff. 
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The bridge consists of two sections, one carrying two lanes of 
west-bound traffic plus one exit lane and the other section occu-
pying two lanes of east-bot.md traffic plus one exit lane. The 
traffic volume over the bridge during this investigation was 
approximately 15,000 ADT (Harrell 1983). 
Interstate-4 has six lanes of through traffic, three east and 
three west through the Maitland Interchange. The east and west-
bound lanes are separated by a 6.0 m grassy median which widens to 
13.5 m under the interchange bridge. The traffic volume on Inter-
state-4 passing the Maitland Interchange during this study was 
approximately 39,000-48,000 ADT east and west-bound (Harrell 1983). 
Three ponds are located at the Maitland Interchange as depicted 
in Figure 3. These borrow pits were dug to provide fill for the 
construction of the overpass and remain in existence serving as 
stormwater detention/retention facilities. The total design 
drainage areas for these ponds are listed in Table 6. 
Pond 
A 
B 
c 
TABLE 6 
TOTAL DESIGN DRAINAGE AREAS FOR PONDS LOCATED 
AT MAITLAND INTERCHANGE 
Total Drainage Location of Pond (ha) 
southwest (west) 19.8 
northeast 48.6 
northwest 10.l 
Area 
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Maitland Blvd 
N 
I. . ' 
Fig. 3. Sampling site for highway runoff at Maitland 
Interchange and Interstate 4. 
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Stormwater runoff from the Maitland Interchange bridge is 
conveyed directly off the roadway surface through stormwater 
inlets to culverts that discharge directly into the ponds. Storm-
water from the interstate surface is delivered by overland flow 
over grassy swales to storm drain inlets or the ponds. The ponds 
are interconnected so that the water from the two northern ponds 
flows into the southwest pond when certain peak design levels are 
obtained. The southwest pond water flows out the southern end 
over a wooden weir. This pond is connected to nearby Lake Lucien 
by means of a culvert and a short, densely vegetated ditch that is 
bermed so that flow to the lake occurs only at times of severe 
flooding. Lake Lucien is a 23 ha freshwater lake with little 
shoreline development that has left the lake relatively pollution 
free. 
The land adjacent to the Maitland Interchange was essentially 
undeveloped during the time of this investigation. However, rapid 
development of a nearby industrial and office building complex to 
the immediate west of the interchange will change this status. 
But for this study, the runoff to the ponds was essentially all 
from the roadway environment plus some natural land runoff. 
The southwest pond (hereafter referred to as the West Pond or 
Maitland Pond) was selected to investigate the efficiency of phos-
phorus removal in detention/retention ponds receiving highway 
runoff. Characteristics for this pond are shown in Table 7. The 
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sides of the pond are fairly steep and the bottom is relatively 
flat so that the majority of the pond is at the average depth of 
1.5 to 2.0 m. 
TABLE 7 
CHARACTERISTICS OF WEST POND AT MAITLAND INTERCHANGE 
Parameter 
Total Drainage Area, (ha) 
Approximate Surf ace Area, (ha) 
Average Water Depth, (m) 
Value 
19.8 
1.2 
1.5-2.0 
The main inflow of stormvater to the West Pond is runoff 
directly from the interchange bridge to the western end of the 
pond close to Station #3 (see Figure 3). The West Pond is isolated 
from the northwest pond because the culvert connecting the two 
is at such a level that would allow flow only during flood events. 
This is also true for the outflow from the West Pond. There is 
an earthen berm located in the ditch connecting the West Pond and 
Lake Lucien, resulting in no outflow except during a flood event. 
The northeast pond and the West Pond are connected by a culvert 
that is at a level that maintains water in the culvert at all 
times. However, very little flow one way or the other has been 
observed between these two ponds, so it may be assumed that little 
or no exchange of water occurs. Therefore, the West Pond actually 
works as a retention pond and not as a detention pond. 
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A great number of stations for field measurements and 
sampling were chosen to determine the input, removal, and accumu-
lation of nutrients in the pond. Highway runoff samples were 
collected from the six stations shown in Figure 3. West Pond water 
samples were taken at the five stations listed in Figure 4. Three 
different isolation chamber experiments were conducted in the West 
Pond at the locations indicated in Figure 5. Several sediment 
cores were collected from the West Pond as outlined by Figure 6. 
FROM POND C 
(NORTHWEST) 
• St•Uon 2 
FLOW FROM 
SWALE AREA 
TO LAKE 
LUCIEN 
Fig. 4. · Survey map of West Pond at Maitland Interchange 
showing sampl.ing sites. 
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\ 
Fig. 5. Locations for isolation chamber experiments in 
West Pond, Maitland Interchange. 
·\ 
.. 
Fig. 6. Sampling stations for sediment cores for nutrient 
and organic matter analysis. 
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In addition, several swale experiments were conducted at 
the Maitland Interchange site. The swale site chosen is a grassy 
swale that runs along the western side of the west-bound entrance 
ramp that lies to the south side of the West Pond. This swale was 
ideal because of its accessibility and the availability of a con-
tinuous source of runoff water from a drain located at the bottom 
of the swale and connected with the West Pond by a 36-inch diameter 
RCP, as shown in Figure 7. 
EPCOT 
The second site is located near Interstate-4 at the newly 
constructed entrance to EPCOT, southwest of the City of Orlando. 
This interchange was constructed just prior to the grand opening 
of EPCOT, October 1982, and consists of a bridge overpass of 
Interstate-4 (Figure 8). The bridge consists of two sections with 
two lanes of through traffic and one exit/entrance lane. 
The detention/retent ion pond selected for study at the EPCOT 
site is a 1.4 ha (3.5 Ac) basin located northeast of Ramp A, as 
shown in Figures 8 and 9. This borrow pit was dug to provide 
stormvater detention and treatment for the bridge and interchange 
system. This pond was apparently developed in an area that was 
originally a wetland of some degree. The bottom is soft, mushy, 
and of an organic nature -compared to the predominantly sandy 
bottom of the Maitland Pond. 
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Characteristics for the EPCOT pond are shown in Table 8. 
It was observed that the main inflow of stormwater runoff is 
located in the northeast corner of the pond at the stormwater 
sampling station #1 (Figure 8). Furthermore, it is important 
to notice that outflow from the pond is very rare and may be 
impossible. Therefore, the pond actually works as a retention 
rather than a detention pond. 
TABLE 8 
CHARACTERISTICS FOR EPCOT RETENTION POND 
Parameter 
Total Drainage Area, (ha) 
Approximate Surf ace Area, (ha) 
Average Water Depth, (m) 
Swale Investigations 
Value 
8.3 
1.4 
1.1 
A series of experiments were conducted to quantify and 
explain the removal of phosphorus by swale systems. The two study 
sites provided (1) an older, well-established grassy swale at 
Maitland and (2) a newly constructed area near EPCOT t hat allowed 
bare-ground and grassy swale experiments. Artificial rtmoff 
water was prepared and added to the swale at a fairly constant rate. 
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Water flow over the swale area was monitored, grab samples were 
collected, and cross-sectional areas were determined. An effort 
has been made to explain and quantify the removal of phosphorus by 
roadside swales. 
At each experimental site, a swale area was chosen so that 
water from the nearby pond could be pumped to the upper end of the 
swale area. Water was taken at a stonnwater inlet connected to 
the Maitland pond, pumped upstream, and then allowed to flow over-
ground back to the inlet (Figure 7). At the EPCOT site, water was 
pumped directly from the pond into a pipe culvert and then allowed 
to flow overground away from the pond into a nearby wetland area 
(Figure 8). The pumping rate was regulated by gate valves and 
remained fairly constant throughout each test. Measurements of 
the inflow rate were taken periodically to ensure a constant rate. 
The swale area was well wetted prior to the start of each 
experiment. At time zero, water flow was started at the upper end 
of the swale. The initial time to reach each sampling station was 
recorded. Water flow was monitored at the end of each swale by a 
90° V-notch weir. In addition, the swale test performed at the 
EPCOT site had a second 90° V-notch weir placed at the mid-way 
position. 
Water depth cross-sections were determined at 20-foot 
intervals for· the length of each swale. At each transverse, water 
depths were taken at sufficient intervals to characterize the 
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channel bottom. This procedure provided an accurate estimate of 
the average cross-sectional area of the water flow through each 
swale. 
· The Maitland swale area was covered by well-established grasses, 
predominantly bahia. Two experiments were conducted at the EPCOT 
site, one in a predominantly earthen state before the establishment 
of vegetation in the swale, and the other after vegetation had be-
come established. Grass cover was estimated at approximately 20% 
in the first experiment and 80% in the second. 
Concentrated solutions were made with selected heavy metals 
(Pb, Cr, Cd, Ni, Cu, Zn, Fe) and nutrients (N and P). This concen-
trated solution was then added at a constant rate into the flowing 
water before entering the swale area. The chemical spikes were 
dissolved in a 120 liter nalgene container. At the Maitland site, 
the chemical solution was fed by gravity near the inlet side of the 
submersible pump placed in the stonnwater inlet used for water 
intake. At the EPCOT site, the chemical solution was dosed by a 
peristaltic pump at the inlet of the 18 inch pipe culvert (S-41) 
which crosses through ramp A to the start of the swale area. 
Every effort was made to keep the concentrations of pollutants 
fed into the swale areas similar to what would be expected from 
highway runoff. Samples were taken at the upper end of the swale 
to characterize the synthetic runoff water fed to the swale. 
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Water flow over the swale area was monitored and initial time 
to reach various stations were recorded. Grab samples were col-
lected at stated time intervals from the spiked inflow water, at 
25 ft, 75 ft, 125 ft, and at the discharge exit weir located 175 
ft along the swale at the Maitland swale. Similarly, water samples 
were collected from the EPCOT swale area at 10 ft, 100 ft, 200 ft, 
300 ft, 400 ft, and at the exit weir located at 550 ft. Each 
swale experiment lasted for a time period ranging from 3 to 5.5 
hours. 
The quality of the input was monitored during this study. 
Additional sources of nutrients may result from atmospheric fallout 
and sheet flow from roadways located adjacent to the pond. The 
land surrounding the EPCOT pond was essentially undeveloped during 
the study period and dominated by pine woodlands. Some wetlands 
and some areas being converted to wetlands are associated with the 
interchange (Figure 8), but do not contribute runoff to the pond. 
Therefore, runoff to the EPCOT pond is entirely from the roadway 
environment plus some natural land runoff. 
The site locations of the isolation chamber experiments are 
shown in Figure 10. Water quality measurements and samples were 
taken adjacent to the chambers from the open pond at the same time 
samples were collected from the isolation chambers. Also, bottom 
sediment cores were collected from various locations along transects 
50 
94 
91 
Sl-1 
Experiment 11 
~~~~~ .. 
• 
Fig .. 10. Locations for isolation chamber experiments 
and sediment cores collected at EPCOT retention pond. 
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in the pond, shown in Figure 10. These cores were sectioned and 
analyzed for nitrogen, phosphorus and organic matter. 
Swale experiments were conducted along ramp A which was 
recently constructed and selected to compare to the established swale 
areas of the Maitland site. The initial experiment was conducted 
at this site when it was characterized as bareground. 
Collection of Stormwater Runoff Samples 
Water samples from highway runoff, as well as samples flowing 
through swales, were collected after rain events. The apparatus 
used for stonnwater collection consists of a 29 cm wide, open plexi-
glass tray acting as an inlet in front of a 3.8 liter polyethylene 
bottle which was placed at a lower level than the collection tray. 
The collection tray was connected with a tygon tube which allowed 
water samples from overland and sheet flow to fill in the attached 
bottle. Samples were transported and analyzed for selected water 
quality parameters. 
Pond Investigations 
Aquatic polyethylene chambers were constructed and submerged 
with the open top down at the bottom sediments of the pond for the 
purpose of measuring nitrogen, phosphorus and heavy metal exchange 
rates at the sediment-water interface and nutrient transformations 
in the aquat1c environment, as shown in Figure 11. The isolation 
chambers are cylindrical and each has a capacity of approximately 
200 liters. 
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/~ 
l.B cm 1.0. 
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-
AIR ~ 
CYLINt 
Fig. 11. Schematic diagram for isolation chamber used 
in the EPCOT pond experiments. 
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The exterior of the chambers were painted black with epoxy 
to insure that light did not penetrate into the chambers and 
activate primary production within the chamber. Each chamber had 
two lateral water sampling ports which could be operated by a 
portable peristaltic pump. Also, two release valves located on 
the top of the chamber were connected to tygon hoses to allow 
excess air and gases to be released into the air above the pond 
surface. The sampling ports were also used to inject nutrient 
and heavy metal solutions directly into selected chambers at the 
beginning of each experiment after establishing uniform conditions 
inside the tanks. Because of the fact that a certain depth (0.2 m) 
of the chamber was embedded into the bottom sediments, the effec-
tive volume of water retained b y the IC was approx imately 150 
liters. The bottom surface area covered by each chamber was 
approximately 0.25 m2 . 
Both anaerobic and aerobic conditions could be created within 
each isolation chamber. To create aerobic conditions, an external 
air cylinder was connected by tygon hose to air stone diffusers 
located near the bottom of the chamber, as shown in Figure 11. 
Air flow was regulated by several valves to produce a low, continuous 
flow rate into the chambers. Concrete building blocks were placed 
on top of the chambers to prevent floating. Anaerobic conditions 
were achieved by not supplying air to the tanks. 
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Three chambers, as described previously, were used in each 
experiment. Two chambers (IC #1 and IC #2) were placed with water-
sediment contact and a polyethylene cover was placed on the bottom 
sediments for IC #3 to block the exchange between water and 
sediment. A known amount of NH4-N, P and heavy metals were injected 
into two chambers (IC #2 and IC #3). Consequently, IC #1 was used 
as a control during each experiment. Thus, the three chambers 
functioned as (1) control with sediment contact, IC #1, (2) solution 
of various contaminants was added to IC #2, with sediment contact, 
and (3) solution of various contaminants was added to IC #3, with 
polyethylene covering the bottom of the chamber. 
Based on the analysis of samples collected from these three 
chambers during the study periods, in addition to water quality 
changes measured in pond samples, it is possible to determine: 
1. Exchange rates of nutrients and heavy metals between 
the water phase and the bottom sediment under 
anaerobic and aerobic conditions. 
2. The rate of oxygen depletion under aerobic conditions 
as well pS the importance of sediments in oxygen 
depletion. 
3. The importance of the sediment as opposed to the 
water phase for producing water quality changes. 
4. Capacity of the sediment as a sink to absorb shock 
loadings. 
Samples were collected one or two times per week during the 
earlier period of each experiment, but with less frequency (bi-
weekly or monthly) during the latter stages. All samples were 
analyzed in the laboratory as stated in the section on analysis. 
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Sediment Samples 
Core sediment samples were collected using plexiglass tubes 
of 2.5 cm inside diameter and 30 cm long. The tube is connected 
at the end of a 5 cm PVC pipe and a rubber stopper is attached to 
a nylon line to close the plexiglass tube when the line is pulled. 
The sediment core is collected by suction created from pushing the 
plexiglass tube into the sediment and simultaneously pulling the 
nylon line to move the stopper up the tube as the sediment enters. 
The sample is then quickly lifted out of the water and another rubber 
stopper is placed to seal off the bottom of the tube and prevent 
the loss of the sample. 
After being transported back to the laboratory, the sediment 
cores were frozen and sectioned into four sub-samples for sediment 
depths of 0-1.0, 1.0-3.5, 3.5-6.0, 6.0-8.5, and 8.5-13 cm. The 
sub-samples were homogenized and used to measure TKN, TP and heavy 
metals content as µg per gram of dry sediment. The procedures in 
Standard Methods for these analyses were followed. 
Redox Potential Profiles of Sediment Cores 
In order to measure the redox potential profile in sediments, 
samples were taken in tubes with 2 mm holes drilled through the 
walls. Before the samples were collected, the holes were filled 
with silicone rubber. 
To measure the redox potential, a reference calomel electrode 
was placed in the water phase above the water/sediment interface. 
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A platinum electrode, i.e., a 1 nun Pt wire, was inserted horizontally 
through the holes in the plexiglass tube and into the sediment. 
Hereafter, the redox potential between those two electrodes was 
measured by means of a combination pH-mV meter (see Figure 12). 
C~L 
ELECTRODE 
w~ HOLESN5mm ON CE TER PHASE 
HCl..ES, 2mm 
ON CENTER 
HOLESN5mm ON CE TER 
HOLES,IOmm 
ON CENTER 
i 
i5 
~ 
STOPPER 
mV· METER 
(pH-METER) 
PLATINUM ELECTRODE 
HOLES FILLED 
WITH SILICONE 
PLEXIGLASS 
TUBE 
Fig. 12. Principle for measurement of redox potential in 
a sediment core sample. 
Measurements were taken from the top to the bottom to avoid 
electrode contamination by sulfides. Furthermore, the platinum 
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electrode was cleaned after three to four applications by rubbing 
it lightly with fine sand paper, then placing it into 5% hydrogen 
peroxide and finally rinsing it with tap water before starting a 
new series of measurements. 
Plant Analysis 
Plant samples from Maitland Pond were cleaned and rinsed with 
pond water and transpprted to the laboratory. Approximately 100 g 
of plant material of each type was cut and allowed to dry at room 
temperature overnight. Each sample was weighed and dryed at 103° C 
until constant weight was obtained to determine the moisture con-
tent. Hereafter, a sub-sample was fired at 550° C in a muffle 
furnace to determine loss on ignition. The samples were then 
prepared for nutrient analysis and total phosphorus was determined 
on an oven-fired sample using the procedure in Standard Methods. 
Sediment Interstitial Water 
Sediment core samples from Maitland Pond were prepared for 
analysis of the interstitial water. Three 5 g samples from a given 
section of sediment were homogenized. The moisture content, or 
dry weight, of a sub-sample was determined. To the remaining sample, 
an amount of 200-300 g of distilled water was added, and the mixture 
was homogenized for about one hour and filtered. The soluble inor-
ganic nutrients were then analyzed on the filtered sample. Based on 
a simple mass balance for the water, the initial concentrations of 
nutrients can be determined in the sediment interstitial water. 
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Laboratory Analysis 
Grab samples of water were collected at different locations 
and times from the experimental area ponds and isolation chambers 
and transported to the Environmental Engineering and Science Labor-
atory at the University of Central Florida for analysis. Samples 
were collected in polyethylene bottles and preserved at 4° C. 
Analyses were conducted within the time frame recormnended by the 
U.S. Environmental Protection Agency, Methods for Chemical Analysis 
of Water and Wastes (1979). 
Nutrients N and P analyses were run as described in Standard 
Methods. Ammonia nitrogen was determined by the phenate method, 
nitrate nitrogen by the brucine method, nitrite nitrogen by the 
diazotiazation technique and the phosphorus by the ascorbic acid 
method. Calibrations were made and standard curves were developed 
along with the water samples. 
CHAPTER IV 
FATE OF PHOSPHORUS IN ROADSIDE SWALES 
Swale Studies 
Six swale experiments were conducted between 1/24/83 and 
5/31/83 with four studies performed at Maitland and two at EPCOT. 
Water was allowed to flow over the swale area for periods of 3-5 
hours. Water samples were collected from various selected sta-
tions, transported to the laboratory, filtered through 0.45 µ 
millipore filters, and analyzed for the dissolved orthophosphorus 
(OP) and total phosphorus (TP). The data was corrected for time 
lapse from one station to the following and averaged to obtain 
phosphorus concentrations along the length of the swale. The 
average phosphorus concentrations measured at the Maitland and 
EPCOT sites are presented in Tables 9 and 10, respectively. One 
should note th~t the experiment conducted on 2/21/83 is lacking 
data at the 53 meter sampling location, since the flow was very 
low and did not reach the weir installed at the end of the study 
length of the swale. 
The data presented in Tables 9 and 10 indicate that phosphorus 
did not always decrease between one station to the next. There are 
several instances where phosphorus increased along sections of the 
swale. In fact, dissolved phosphorus increased occasionally between 
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some stations and locations further downstream. This is readily 
revealed by Figures 13 through 15. Maitland data is presented in 
Figures 13 and 14 and EPCOT data is given in Figure 15. 
The first two Maitland studies exhibit an initial increase of 
phosphorus during the first 7.5 m section of swale. Total phosphorus 
(TP) increased from 625 to 700 µg-P/l during the first Maitland 
experiment and from 587 to 680 µg-P/l during the second. For these 
two studies, total phosphorus decreased along the rest of the swale 
length between 7.5 and 53 meters. The final concentrations measured 
were found to be 538 and 307 µg-P/l, respectively. During the first 
two experiments at Maitland, a uniform rate of phosphorus decrease 
was observed between 7.5 and 53 meters along the swale length, as 
shown by the steady slope of the lines in Figures 13 and 14. The 
third Maitland experiment (2/21/83) indicates a different sequence 
of events with a rapid decrease in phosphorus during the first 7.5 
m section. Total phosphorus dropped from 208 to 42 µg-P/l along 
this section, but then increased to 173 µg-P/l at the 38 m station. 
The flow of this experiment was very low (0.9 m/min) so that it 
never reached the end weir. The last Maitland study (5/31/83) 
showed no change in phosphorus concentration between the inlet and 
outlet concentrations with little or no removal of phosphorus by 
the end of the swale. The initial total phosphorus concentration 
was 239 µg-P/l and the final concentration was 222 µg-P/l with 
little variation in between. 
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The two EPCOT experiments (Table 10 and Figure 15) show 
different results. The first EPCOT experiment has a slow but 
steady phosphorus decrease along the length of the swale. Total 
phosphorus decreased from 1078 to 983 µg-P/l during this study. 
The second EPCOT study indicates little or no phosphorus removal 
during the fitst 120 m section which is followed by an increase 
during the last 50 m section. The initial total phosphorus con-
centration is 120 µg-P/l with 113 µg-P/l at the 120 m station and 
178 µg-P/l at the end weir. The data indicate that dissolved phos-
phorus decreases from 83 to 50 µg-P/l during the first 120 m 
section but increases to 100 µg-P/l at the end weir. It was noted 
that the last 50m was at a lower elevation and remained damp most 
of the time. The organic content of the soil in this section was 
also higher as observed by the darker color of the soil compared 
to the sandy soil of the first 120 m section. 
The two EPCOT experiments are also different from Maitland 
studies because . of the placement of a control weir at 90 m (mid-
length of EPCOT swale). The weir blocked water, causing a water 
pool to occur and altering flows to the hydraulic characteristics. 
However, Figure 15 does not indicate that the weir had a noticeable 
impact on phosphorus content. 
The data are presented differently in Figures 16 and 17, which 
show the percent of inflow concentration versus swale length. 
These graphs are easier to use to determine when and where phosphorus 
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was removed during flow through the swale. Only total dissolved 
phosphorus is shown, as it is practically identical to dissolved 
orthophosphorus. The first two Maitland studies (Figure 16) exhibit 
an initial increase of phosphorus followed by a decrease below the 
inflow concentration. Overall removal of dissolved phosphorus is 
about 10% for the first and 50% for the second. The third study, 
as indicated before, has a rapid decrease during the first 7.5 
ID section only to increase during the rest of the swale. Final 
removal is approximately 15%. The last Maitland study is relatively 
flat with the line dipping below and then above the initial con-
centration to finally end with about 5-10% overall removal. 
The two EPCOT studies (Figure 17) exhibit fairly little change 
in phosphorus concentrations, ± 10% above and below the inflow 
concentratio'n, except for the last 50 ID of the second study (5/16/ 
83). The phosphorus concentration increases about 50% during this 
50 ID section. 
A summary of the average decline of the phosphorus concentration 
during flow through study swales is given in Table 11. The two 
EPCOT experiments are listed under three categories: swale length 
to 90 m weir, 90 m weir to final weir at 170 m, and entire 170 m 
swale. Only one of the swale experiments indicates an increase of 
phosphorus concentration during flow through the swale. Percentage 
removal values for the other five studies range from 0 to 48%. 
One study (the last EPCOT) exhibits a phosphorus increase in 
No. 
1 
2 
3 
4 
5 
6 
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TABLE 11 
SUMMARY OF DISSOLVED PHOSPHORUS CONCENTRATION 
CHANGE DURING FLOW THROUGH SWALE 
Experiment Swale Percent Change in 
Length Phosphorus Along 
Location Date (m) Swale TP OP 
Maitland 1/ 24/83 0- 53 14 12 
Maitland 2/07/83 0- 53 48 47 
Maitland 2/21/83 0- 49 17 30 
EPCOT 3/23/83 0- 90 8 10 
90-170 1 1 
0-170 9 11 
EPCOT 5/16/83 0- 90 6* 28 
90-170 40* 67* 
0-170 48* 20* 
Maitland 5/31/83 0- 53 7 0 
* Represents an inc.rease in concentration - all other values 
indicate a decrease. 
-----
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concentration during th.e last 50 m section. Of further interest, 
the first EPCOT study had only 1% removal after flowing through the 
last 50 m section. 
During the last swale study conducted at Maitland Interchange 
on 5/31/83, additional samples were taken as the initial flow reached 
each sampling station. These samples were collected to determine the 
first flush effect of the initial flow volume. As Table 12 shows, 
phosphorus concentration increased gradually as the runoff water 
proceeded through the length of the swale. Dissolved orthophosphorus 
increased from 338 to 492 µg-P/l and total phosphorus increased from 
348 to 561 µg-P/l. 
Swale 
Position 
{m) 
0 
7.5 
23 
38 
53 
TABLE 12 
INITIAL DISSOLVED PHOSPHORUS CONCENTRATION IN 
SIMULATED HIGHWAY RUNOFF WATER AS IT 
REACHED SAMPLING LOCATIONS ALONG THE 
SWALE AT MAITLAND INTERCHANGE ON MAY 31, 1983 
OP TP 
Cone. % initial Cone. % initial 
µg-P/l Cone. µg-P/l Cone. 
338 100 348 100 
404 120 450 129 
474 140 503 145 
490 145 548 157 
492 146 561 161 
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In addition to concentration changes in TP and OP of runoff 
water flowing over roadside swales, a mass balance was calculated 
for each swale that includes the flow of runoff water and losses by 
evap oration and infiltration into the soil. Maitland study results 
are listed in Tables 13 and 14. Of course, 100% of the phosphorus 
load was retained by the swale area if water did not reach the down-
stream end. 2 Mass loading rates range from 7 to 96 mg/rn /hr and mass 
2 
retention rates range from 5 to 60 mg/rn /hr. Percent mass retained 
by the swale ranged from 26 to 100. EPCOT study data indicate good 
removal during the first section (39%) and little removal during 
the second (9%). The second EPCOT swale experiment run on 5/16/83 
shows an increase in the mass of phosphorus in runoff water flowing 
over the last section (90-170 m) of the swale. This increase of 
phosphorus mass during the last section might appear to be minimal; 
however, it is considered significant when compared to the removal 
values of the first section. 
Phosphorus in Highway Runoff 
A summary of the phosphorus content in highway runoff from the 
Maitland study area is presented in Table 15. These samples were 
not taken during the previously discussed Maitland and EPCOT swale 
studies, but represent actual highway runoff. Runoff water samples 
were divided into two groups. Some samples were taken directly from 
highway su~f ace discharge while other samples were collected after 
runoff flow through the swale area. Sample station #4 was taken 
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TABLE 15 
AVERAGE PHOSPHORUS CONCENTRATIONS 
IN HIGHWAY RUNOFF 
Sampling Site fl of Phosphorus (µg-P/l) Station Characteristics Number 
1 After Swale 
Area 
2 Directly from 
Highway 
3 Directly from 
Highway 
4 Directly from 
Highway 
5 After Swale 
Area 
6 After Swale 
Area 
1+5+6 After Swale 
Area 
2+3+4 Directly from 
Highway 
DOP = Dissolved orthophosphorus 
OP = Orthophosphorus 
TP = Total phosphorus 
Samples DOP TOP TP 
5 247 375 631 
14 58 106 201 
15 145 232 505 
16 49 71 137 
4 334 403 556 
16 144 155 212 
25 195 239 351 
45 84 136 280 
I • 
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directly from highway surface discharge, while station #6 is 
downstream of #4 after flowing over a grassy swale of approximately 
50 meters. It is interesting to note that the phosphorus content 
in runoff water samples collected from station #6 (after swale) 
is higher than from station #4 (direct runoff). Stations #1, #5 
and #6 reflect stormwater samples flowing over a swale area, and 
stations #2, #3 and #4 represent direct highway runoff. When all 
six stations are divided into the two groups, it is again inter-
esting to note that the swale area runoff has a higher phosphorus 
content than the direct runoff from the highway. 
Discussion of Results 
One of the overall goals of this swale study was to determine 
the extent of phosphorus removal by flow through swales. The 
· efficiency of swales in phosphorus removal can be shown in Figures 
16 and 17. Figure 1,6 indicates that all of the Maitland experi-
ments resulted in a net decline in phosphorus concentration by 
flow through the entire length of the swale. Figure 17 reveals 
that the EPCOT experiments show phosphorus concentration decrease 
in the first 120 meters of the swale. Possible mechanisms for 
phosphorus removal include particulate settling, sorption, 
precipitation, and uptake by plants and organisms. 
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Maitland Experiments 
Each of the four Maitland experiments resulted in a net 
decrease in phosphorus concentration ranging from 7% to 48% (see 
Table 11). These studies indicate that there is a trend between 
the decline in dissolved orthophosphorus concentration and the 
velocity of water through the swale, which follows the equation: 
DOP = 58.0 - 19.9 F r = -0.77 
where: (for flow rates of 0.90 m/min to 2.58 m/min) 
DOP = percent decrease in dissolved orthophosphorus 
concentration 
F = flow velocity , m/min 
However, this relationship indicates a poor correlation between 
percent decline in concentration and changes in velocity. The 
total dissolved phosphorus concentration decline does not correlate 
well with velocity: 
TDOP = 41.5 - 11.1 F r = -0.49 
where: (for flow rates of 0.90 m/min to 2.58 m/min) 
TDOP = percent decrease in total dissolved phosphorus 
concentration 
F = flow velocity, m/min 
The relationship between dissolved orthophosphorus and velocity seems 
reasonable in that the slower velocity will allow longer contact time 
between soluble phosphorus and soil. If soluble phosphorus removal 
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occurs by sorption, uptake by organisms or precipitation, all 
mechanisms will be enhanced by slower velocities resulting in 
longer contact time. Also, the particulate phosphorus entering 
the swale will be expected to settle out and a certain amount of 
the soluble phosphorus might precipitate or coprecipitate along 
the length of the swale. 
Maitland studies shown an increase in phosphorus concentration 
at the first section close to the input pipe. The highway runoff 
samples collected during this study indicate that the organic 
fraction of suspended solids is 50-60%. Organic matter from high-
way runoff and grass clippings that settle is degraded by bacteria. 
Then, when the next rain fills the swale with water, phosphorus 
is recycled back into solution. This series of events might explain 
the initial release of soluble phosphorus ~ecorded in the Maitland 
experiments, and explain the increase of initial dissolved phos-
phorus concentrations in the runoff water as it first reached 
sampling locations along the swale (Table 12). Any increase in 
particulate phosphorus must be caused by the resuspension of organic 
debris (dead grass and plant clippings) by the flow through the 
swale. 
The soluble inorganic form of phosphate is very reactive and 
-3 -
will have a negative charge associated with it (P04 , P03 , 
P 
3
o
10 
-
5
, ·etc.). These ions can be readily sorbed by soils and other 
surfaces that have positive reaction sites. Clay particles are able 
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to sorb phosphorus (Hesse 1973). However, the clay content of 
sandy Florida soil is very low. This may be partially responsible 
for the relatively low phosphorus removal by the swales. 
Of course, the phosphorus mass retention rate is expected to 
correlate with the infiltration rate which is essential to calcu-
late the mass balance. The relationships can be expressed as 
follows: 
where: 
i 
DOP 
DOP = 815i 15.1 r = 0.97 
TDOP = 869i 14.3 r = 0.95 
(for infiltration rates of 0.024 m3/m2-hr to 0.088 m3/m2-hr) 
. f·1 . 3; 2 h 
= in 1 tration rate, m m - r 
= dissolved orthophosphorus mass retention rate, 
mg/m2-hr 
TDOP = total dissolved phosphorus mass retention rate, 
mg/m2-hr 
These high correlation values appear to indicate that infiltration 
is the primary mechanism responsible for mass removal. 
It is also important to mention that a poor correlation with a 
value of r = 0.46 is obtained when correlating infiltration rate 
to flow velocity. Apparently, other parameters, such as soil 
moisture and time prior to previous storm event, are important 
factors affecting infiltration rate. Of course, this makes sense; 
if the swale is saturated, little infiltration will occur and 
consequently, little phosphorus mass retention will result. 
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The effect of swale length on phosphorus concentration is 
variable with the Maitland swale studies. The third experiment 
at Maitland, 2/21/83 (see Figure 13), exhibits an increase in phos-
phorus concentration along the final sections of the swale, but 
this is not considered to be typical. The last experiment, 5/31/83, 
reveals almost constant concentration along the entire swale length 
with little or no net concentration decline. The first two experi-
ments, however, appear to exhibit a typical logarithmic concentration 
percentage decline (see Table 11). Of course, the amount of phos-
phorus mass removed is increased with swale length because total 
infiltration will be increased. As in the third Maitland study, 
2/21/83, 100% of the phosphorus mass was retained by the entire 
swale area because of flow so slow that no runoff from the swale 
resulted. 
In summary, there appears to be a trend between the flow 
velocity and the percent reduction in phosphorus concentration and 
the percent of phosphorus mass retained by the swale. This is 
reasonable in that the slower velocity will enhance phosphorus 
remov~l mechanisms. However, the actual mass retention rate is only 
partially correlated to flow velocity. In addition, infiltration 
rate is only partially explained by flow velocity. Apparently, 
other factors influence infiltration rate and, thus, phosphorus 
mass retenti9n rate. 
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EPCOT Experiments 
The two EPCOT experiments resulted in a net decline of 
phosphorus concentration during the first 120 meters of swale area. 
During the last 50 meter section, the first experiment exhibited 
only a 1% decrease in phosphorus concentration while the phosphorus 
concentration actually increased during the second experiment. 
A weir control structure was located at the 90 rn location, but 
this structure appears to have little influence on phosphorus re-
moval mechanisms. The following discussion will treat the first 
120 rn section separately from the last 50 rn section. 
The swale ground covers of the two experiments were different. 
The first experiment, 3/23/83, was conducted when the ground cover 
was sparse with little or no grass cover. The ground cover of the 
next experiment at EPCOT, 5/16/83, exhibited a much denser and 
better developed grass growth. Based on these two experiments 
and by examination of the first 120 m section, the first experiment 
had a 10% decrease in orthophosphorus concentration while the second 
experiment had a 28% decrease (see Table 11). Thus, it appears 
as if the grassy swale relIX)ves more phosphorus than bare soil. How-
ever, the total dissolved phosphorus concentration increased during 
the second EPCOT run. This might be partially explained by the 
resuspension of grass clippings and other solids during the swale 
flow. 
The percentage of mass of phosphorus retained by the first 
120 m section were fairly consistent for the two runs. The average 
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retention rates of the two experiments are quite different but 
this is due to the initial concentrations of phosphorus during 
the run. The first experiment had a phosphorus concentration almost 
10 times that of the second and thus resulted in the higher reten-
tion rate. Infiltration rates for the two are very close so that 
the resulting percentage mass removal is comparable. · 
The release of phosphorus by the last section of the swale 
can be explained by noting that this section is at a lower elevation 
and continually wet. However, the first of the two EPCOT studies 
was performed during a dry spell so that this section was relatively 
dry then. This section is also characterized by darker organic 
soil than the sandy soil of the upper section: The chemical pro-
perties of a saturated soil are similar to those associated with 
w~ter body bottom sediments (Hesse 1973). This is due to the fact 
·that the soil becomes oxygen deficient. The oxidized surface of 
the soil is reduced and this may result in the liberation of 
phosphates. Iron (III) hydroxide and iron (III) humate complexes 
accumulate as a flocculertt layer on the surf ace of soils and 
strongly sorb ions such as phosphates. When these compounds are 
destroyed by the reduction of iron, phosphates and other ions are 
released into the water. 
Highway Runoff Data 
As presented earlier in Table 15, several samples were collected 
to characterize direct highway runoff as well as runoff flowing 
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through a swale. It is very interesting to note that the phosphorus 
concentrations of swale samples are higher than direct highway sam-
ples. Samples #4 and #6 can be compared because #6 sampling site 
is downstream of #4 highway discharge. A comparison of highway run-
off versus swale runoff is presented in Table 16. The t-test 
probability that the dissolved orthophosphate mean values are dif-
ferent for #4 and #6 and is 95.3. When all six sampling locations 
are divided into two groups, the t-test probability for unequal 
means is 98.8. Slightly lower values are calculated for total 
orthophosphate and total phosphate species (see Table 16). At any 
rate, there is a significant difference between the two. 
TABLE 16 
COMPARISON BETWEEN WATER SAMPLES COLLECTED 
FROM HIGHWAY RUNOFF AND SWALE RUNOFF 
Percent Increase 
Location in P Concentration t-test Probability 
DOP TOP TP DOP TOP TP 
Highway Runoff #4 194 118 55 95.3 91.6 87.5 Swale Runoff #6 
Highway Runoff 
(//2+3+4) 132 76 25 98.8 96.5 84.4 Swale Runoff 
(#1+5+6) 
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This data might indicate that the swale does not decrease 
phosphorus concentration at all, but in fact, increases phosphorus 
concentration to downstream waters. This could occur as organic 
particulates are degraded and soluble phosphorus released. The 
locations of the swale samples were in low lying areas that are 
occasionally wet. Therefore, these sections might act as the last 
section of the last EPCOT swale did; that is, release phosphorus. 
On the other hand, the swale data might be a reflection of the 
first flush effect. Data from Table 12 indicate that initial 
phosphorus concentrations increase as a function of swale length. 
It is possible that the swale samples collected do not represent 
a composite sample, but rather a grab sample during the first 
flush. 
Of course, this analysis does not take a mass balance into 
account, nor is this possible with the data collected. One real 
question that arises is whether there is any net mass removal of 
phosphorus from the system by the swale. Is phosphorus rerooved 
downward into the soil, or is it held near the surface, utilized 
by plants and organisms, but eventually released to the first flush 
of large storm events? This might be quite possible, especially 
in swale areas (or end of swale areas) that are continually wet 
or wet a great deal of the time. 
CHAPTER V 
FATE OF PHOSPHORUS IN DETENTION/RETENTION PONDS 
The Maitland and EPCOT ponds were sampled to provide information 
on the fate of phosphorus in retention/detention pond systems 
receiving highway runoff. Samples of pondwater, bottom sediments, 
interstitial water, water from isolation chambers, and plants were 
taken from several sampling points and under various conditions. 
The samples were analyzed particularly for their phosphorus content 
and the results are presented in this chapter. Other parameters 
such as nitrogen content have been analyzed and presented by 
Tolbert (1984)~ 
Maitland Pond 
Water Quality 
The phosphorus concentrations of water samples from Maitland 
Pond were determined during November 1982 through May 1983 and are 
summarized in Table 17. 
The dissolved orthophosphorus (OP) concentration averaged 
11 µg/l with a low value of 2 µg/l and a high value of 57 µg/l. 
The standard deviation was 11 µg/l for the 37 samples analyzed. 
The dissolved concentration was low on most days with only 4 days 
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-Average 
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TABLE 17 
AVERAGE WATER QUALITY PARAMETERS FROM WEST POND 
OF MAITLAND INTERCHANGE* 
Alkalinity Phosphorus (µg/l) pH (mg/ 1) Diss. Total 
OP OP 
7.2 50 11 14 
TP 
33 
Range 6.5-8.6 29.-63 2-57 2-59 21-106 
Standard 
Deviation 0.4 9 11 11 17 
Number of 
Samples 41 40 37 37 37 
* Data summarized for the period from 11/8/82 to 5/12/83. 
exhibiting a value of 20 µg/l or more. The total orthophosphorus 
(TOP) concentration averaged 14 µg/l with a low of 2 µg/l and a 
high of 59 µg/l. The standard deviation was 11 i.tg/l. Again, only 
4 days tested had a concentration in excess of 20 i.tg/l. For most 
days, the dissolved and total orthophosphorus concentrations were 
very close and sometimes identical in value. It was observed dur-
ing the analysis procedures that the pond water collected was very 
clean in appearance. Very little particulates were detectable on 
the filter pad after these samples had been vacuum filtered. 
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The total phosphorus (TP) concentration averaged 33 µg/l with 
a low of 14 µg/l and a high of 70 ~g/l. The total phosphorus data 
appeared to be more scattered when compared to the orthophosphorus 
data. On some days, the total phosphorus and total orthophosphorus 
values were very close or identical compared to other samples where 
the two values were more widely spread. The ratios of TP to OP 
varied from 21.2 to 1.0. The data indicated that this pond is 
probably nitrogen limiting since the ratio of inorganic nitrogen 
to dissolved orthophosphorus averaged 3.7 to 1.0 (Jacobsen et. 
al, 1984). 
During the same sample period, dissolved oxygen and temperature 
were measured in the Maitland Pond. DO varied between 6.0 and 11.0 
mg/l. Levels of DO were fairly constant with water depth, indicating 
that high DO existed at the interface between water and bottom sediments. 
Temperatures were taken at the top and bottom water levels. The 
temperature appeared to be fairly constant throughout the water 
colunm. The lowest temperature of 13°C was taken in the middle of 
January, while the highest value of 27°C was obtained in the middle 
of May. Slightly higher temperature values, perhaps 30-33°C, would 
be expected during sunnner months. 
Bottom Sediments 
Forty-three core samples of the bottom sediment were taken at 
the Maitland West Pond. The data is summarized in Tablel8. As 
the data indicates, the phosphorus content of the sediments is 
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greatest near the sediment surface and decreases with depth. The 
average total phosphorus content of the upper 1.0 cm of the bottom 
sediments was 5,210 µg-P/g dry weight of sediment. At a depth of 
approximately 6 cm, this value was reduced to 1,850 µg/g, a 64% 
decrease. Similarly, the organic content of the sediment was also 
greater near the sediment surface and decreased with depth. The 
first 1.0 cm layer had an organic content of 13.1% while the second 
layer had an organic content equal to 5.0%, less than half the 
first. Near 6 cm, the organic content levels averaged 2.1%, as 
shown in Table 18. 
TABLE 18 
SUMMARY OF ANALYSIS OF BOTTOM SEDIMENTS FROM MAITLAND POND 
Sample Average Moisture Organic Dry TP Depth Depth Content Content Weight of (µg/ g) (cm) (cm) (%) (%) Sample {g) 
Average 0 .0-1. 0 0.5 65.3 13.1 2.02 5210 1.0-3.5 2.25 34.4 5.0 12.46 2840 
of 43 3.5-6.0 4.75 25.3 2.4 15.59 2000 Samples 6.0-8.5 7.25 23.0 2.1 16.77 1850 
Interstitial Water 
An effort was made to determine the approximate phosphorus 
concentrations of the interstitial water held by the Maitland bot-
tom sediments. One core sample was collected from each of the 
five stations of Maitland Pond on May 25, 1983 (see Figure 4). 
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The cores were sliced and corresponding layers were mixed. The 
sediment interstitial water was separated and analyzed for phosphorus 
species as shown in Table 19. 
TABLE 19 
ANALYSIS OF PHOSPHORUS IN THE SEDIMENT 
INTERSTITIAL WATER IN THE WEST POND, MAITLAND INTERCHANGE 
(Collection Date: May 25, 1983) 
Sample Depth Phosphorus (mg/l) Corrected Values 
(cm) Diss. OP TP 
1.0 1.8 4.9 
1. 0-3. 5 1.9 6.5 
3.5-6.0 0.8 2.4 
6.0-8.5 0.5 1.4 
The second layer of sediment collected at 1.0-3.5 cm contained 
the highest phosphorus content of 1.8 mg/l OP and 4.9 mg/l TP. 
The phosphorus concentrations of the interstitial water given in 
mg/l (Table 19) are quite large compared to the phosphorus concen-
trations of the pond water given in µg/l (Table 11). 
Redox Potential Profiles 
The redox potential profile of the bottom sediments was 
determined at several of the sampling locations to help evaluate 
the quality of the Maitland Pond bottom sediments. The redox 
potential distinguishes different zones with conditions favorable 
for certain chemical and biological reactions. 
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The redox potential profiles from three stations in the pond 
are shown on Figure 18. Each of the three curves represents the 
mean value between two different core samples at the mentioned 
sites. Very minor differences were found between the two samples 
measured. Comparing the curves from station 2 and 5, a similar 
shape of redox potential versus depth can be observed with approx-
imately a 0.5 cm oxidized top layer with redox potential (Eh) above 
200 mV. Below the top 0.5 cm of the sediment core, the potential 
drops below 200 mV and levels off near 100 mV. 
--> E400 
....... 
0 
·.....,....Station"' -~.-.-~ 
OXIOIZEO cONDmONS 
REDUCED CONDITIONS 
__.,__....., ..... __...._ _ _... ...... _.._ .... Station tJ 5 
,,.--.... ...... _ Station "2 
·IOOoL---_.._--------~3----~----r----
DEPTH IN SED1MENT (cm l 
Fig. 18. Redox potential profiles measured on sediment cores 
from West Pond, Maitland Interchange. Samples collected and 
potentials measured on March 21, 1983. 
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The slope of the redox potential profile from station 1 is 
not typical. This station is near the major inlet where less 
possibilities for organics to settle occur and erosion may take 
place. 
Plant Samples 
Algae and aquatic plants were sampled to determine their 
phosphorus content. The samples collected from the pond included 
Chara, Thypha (cat-tail) and Eichornia (water-hyacinth) species. 
These three species seemed to be the most abundant plants and 
macro-algae in the pond. The open water sections of the pond 
(1.5-2.0 m average depth) were choked (approximately 85% of the 
total surface area) with Chara from bottom to top. The majority 
of the banks around the pond were relatively steep so that the 
water becomes deep quickly. Thus, only a small literal zone exists, 
except for the corners of the pond opposite to the main inlet. 
Here, the pond has some shallow zones that support a dense crop of 
cat-tail. A floating mat of water-hyacinth is supported on the 
pond and is wind blown from one bank to the other. Those few 
individuals able to root into the steep bank appear healthy and 
growing well, while the open water individuals are stressed and 
barely maintaining apparent growth. 
Analysis of the plants collected are given in Table 20. 
Water-hyacinth samples were divided into leaves and roots and then 
analyzed separately. 
92 
The organic content of Chara, 43% of its dry weight, is 
relatively low when compared to Typha and Eichornia, 91% and 86% 
of dry weight. The total phosphorus content varied between 0.5 
and 1.1 mg P/g dry weight. These results correspond with previous 
analyses (Christopher, 1980). 
EPCOT Pond 
Water Quality 
The phosphorus concentration of the EPCOT pond was determined 
36 times during 1983 as presented in Table 21. The dissolved 
orth ophosphorus concentration averaged 13 µg/l with a low value of 
4 µg/l and a high value of 29 µg/l. The standard deviation was 7 
µg/l for the 36 samples. The total orthophosphorus concentration 
averaged 25 µg/l with a standard deviation of 14 µg/l, and the 
total phosphorus concentration averaged 84 µg/l with a standard 
deviation of 40 µg/l. The average concentrations of dissolved OP 
in the pond were much lower than the average OP concentrations of 
runoff water entering the pond from Station #1 at an average of 200 
µg/l. Similarly, the average nitrogen content in the pond was lower 
than concentration of incoming runoff (Tolbert, 1984). 
The average available nitrogen to phosphorus ratio based on 
inorganic nitrogen and dissolved orthophosphorus concentrations 
was 14.6. Chiaudari and Vighu (1974) have shown that in the growth 
of almost all algae, neither nitrogen or phosphorus is limiting 
when the N/P ratio lies between 5:1 and 10:1. Thus, the calculated 
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TABLE 21 
WATER QUALITY PARAMETERS FROM EPCOT POND 
(Data Summarized for the Period 
from March 23 to November 7, 1983) 
DO Phosphorus (µg/l) pH (mg/l) Diss Total 
OP OP 
6.7 7.0 13 25 
0.6 1.2 7 14 
37 37 36 36 
TP 
84 
40 
36 
value shows that phosphorus is most likely to be the biomass 
limiting nutrient. Also, the low dissolved orthophosphorus values, 
13 µg/l on the average, show that growtb rate limitation probably 
exists. 
During the same sample period, dissolved oxygen and temperature 
were measured in the EPCOT pond. DO varied between 5.2 and 9.4 
mg/l. Levels of DO appeared to be constant throughout the water 
column, indicating that high DO concentrations existed at the water-
sediment interface. The water column averaged about 1.2 meters depth 
during the field experimentation period. Temperatures were also 
measured at the top and near the bottom in the pond and no signif i-
cant temperature differences were observed between the top and bottom 
95 
measurements. The lowest temperature recorded, approximately 17°C, 
occurred in late March at the beginning of the first experiment. 
The highest values, about 29°C, were recorded in late July. 
Bottom Sediments 
Five core samples of bottom sediments were collected from the 
EPCOT pond. Each core sample was sectioned into five sub-samples 
representing 0-1, 1-3.5, 3.5-6.0, 6-8.5 and 8.5-13.0 cm depths. 
Th e sediments were analy zed to determine the moisture and organic 
content (µg/g of dry sediment) presented in Table 22. As can be 
seen, the moisture and organic content in the sediments decline 
with depth. 
Aver age 
of 
5 
Samples 
TABLE 22 
SUMMARY OF AVERAGED VALUES FROM 
SEDIMENT ANALYSIS AT EPCOT POND 
Sample Avg. Moisture Organic 
Depth Depth Content Content 
(cm) (cm) (%) (%) 
0 - 1.0 0.5 59.1 18.4 
1. 0- 3. 5 2.25 32.7 7.2 
3.5- 6.0 4.75 26.8 5.5 
6.0- 8.5 7.25 26.3 5.1 
8.5-13.0 10.75 25.5 5.0 
Dry 
Weight TP 
of (µg/g) Sample 
(g) 
2 .11 1559 
13.83 981 
16.54 810 
17.56 874 
19.27 859 
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From results shown in Table 22, it is apparent that nutrient 
concentrations for TP decreased with sediment depth. TP at the 
surface was 1559 µg P/g dry weight of sediment and 859 µg P/g at 
a depth of 8.5-13.0 cm. 
Sediment-Water Interactions 
Isolation chamber experiments were designed and conducted to 
determine the fate of phosphorus in the receiving water body . Of 
specific interest would be phosphorus transformations in the water 
phase and exchange rates between water phase and sediment. The 
chambers were constructed to enable operation under aerobic as well 
as anaerobic conditions. Primary production within each chamber 
was prevented by black painted surfaces. Top and bottom ports 
allowed the collection of samples as well as the addition of specific 
chemicals. 
Each series of experiments totaled three isolation chambers 
which were operated as follows: 
Chamber #1: control, sediment contact 
Chamber #2: sediment contact, nutrient solutions added 
Chamber #3: no sediment contact - plastic lid covering the 
bottom of the tank, nutrient solutions added 
The isolation chambers (IC) were placed in Maitland and EPCOT ponds 
to investigate water and sediment interactions. 
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Maitland Pond 
Three series of isolation chamber experiments were conducted 
at Maitland and are summarized in Table 23. The first set of 
experiments was conducted under aerobic conditions and data is pre-
sented in Table 24. The measured DO indicated that an acceptable 
level of oxygen was available throughout the experiment. The pH 
level was fairly constant during the experiment with a slight rise 
occurring after the addition of nitrogen to chambers #2 and #3. 
Chamber #1 had to be restarted after it floated to the surface near 
day 14. The higher phosphorus concentrations collected in the next 
sample are credited to mixing of sediment during the restart. 
Ammonia nitrogen solution was added to each of chambers #2 and #3 
after the seventh day samples were collected. The calculated 
concentration of NH3-N inside the chamber after addition and mixing 
of ammonia was expected to be 5.7 mg NH3-N/l. 
TABLE 23 
SUMMARY OF ISOLATION CHAMBER EXPERIMENTS CONDUCTED 
Series Period Conditions Number 
1 November 8-December 21, 1982 Aerobic 
2 January 5-February 21, 1983 Anaerobic 
3 February 21-March 29, 1983 Anaerobic 
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TABLE 24 
WATER QUALITY PARAMETERS FROM ISOLATION CHAMBERS 
IN HIGHWAY RUNOFF RETENTION POND AT MAITLAND 
INTERCHANGE DURING NOVEMBER 8 - DECEMBER 21, 1982 
Incubation Phosphorus 
Period pH Alkalinity DO (µg/l) 
(days) (mg/1) (mg/1) Diss. Tota l TP OP OP 
1 0 6.5 63 8.3 7 12 35 
control 2 7.3 67 8.2 10 15 36 
with 4 7.3 70 6.4 
sediment 7 7.3 70 4.4 18 18 35 
contact 9 7.7 70 8.6 
11 7.7 75 8 .1 14 16 27 
14* 
16 7.0 5.0 16 18 50 
21 7.0 64 5.4 
23 6.9 66 5.0 3 9 28 
25 7.5 65 7.6 3 6 35 
28 7.2 66 7.3 12 32 30 
32 7. 1 70 6.2 3 9 31 
35 7.0 66 8.0 20 25 35 
38 6.9 71 7.7 5 5 15 
43 7. 1 72 8 . 4 
2 0 6.2 62 8.3 10 13 37 
with 2 7.4 63 8.3 10 13 37 
sediment 4 7.3 69 6.5 
contact, 7** 7.2 68 2.8 16 16 35 
NH3 9 8.0 82 8.2 
added 11 7.7 81 7.5 9 14 29 
14 7.4 81 6 .1 
16 7.2 4.4 18 23 40 
21 7.2 67 6.0 
23 7.2 63 5.4 3 9 27 
25 7.0 64 4.6 0 3 21 
28 7.1 62 6.1 3 6 21 
32 7.0 65 4.4 0 3 25 
35 6.9 64 4.7 15 18 24 
38 6.9 60 5.4 7 9 17 
43 7.1 56 8.1 5 5 17 
3 0 6.7 63 8.3 38 117 317 
with 2 7.4 62 8.3 10 36 
covered 4 7.5 62 7.3 
bottom, 7** 7.7 59 7.6 11 14 35 
NH 9 8.3 71 8.7 ad~ed 11 7.9 70 8.1 7 9 29 
14 7.3 69 7.7 
16 5.9 9 20 41 
21 6.9 60 4.8 
23 7.3 60 7.1 3 9 21 
25 7.2 58 7.1 
lB 7.1 56 7.6 3 9 16 
32 6.9 57 6.8 3 9 25 
35 6.9 55 8.3 15 15 26 
* Restart of chamber #1 
** Addition of 5.7 mg NH3-N/liter to chamber after sampling. 
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The second set of experiments was conducted under anaerobic 
conditions and data is given in Table 25. By day 8, DO readings 
were close to zero, indicating anaerobic environment had been 
reached within the chamber. Again, pH measurements indicated that 
pH was stable throughout the experimental run. A batch dose of 
nitrate was added to produce initial concentrations of 340 µg 
N03-N/liter inside chamber #2 on the 36th day. 
The third set of experiments was again performed under anerobic 
conditions and the data is presented in Table 26. Again, pH was 
relatively stable during the experiment. Within chambers #1 and 
#2, zero DO was encountered by day 7. However, this was not the 
case with chamber #3 with no sediment contact. Careful attention 
had to be made to avoid disturbance during the chamber placement 
to make sure sediment did not settle onto the chamber lid, causing 
erroneous readings. To avoid this, chamber #3 of the third series 
was capped by a lid after carefully filling with turbid free water. 
The tank was th·en inverted into place. This ensured that no sediment 
settled onto the lid after placement. 
Chemical solutions were added to chamber #2 three times and 
were composed of 340, 380 and 8000 µg N03-N/l, respectively, on 
days 10, 17 and 22. Results from the previous set of experiments 
had not demonstrated the anticipated results. Therefore, a series 
of nitrate solutions were added to demonstrate its effect on 
phosphorus release from the sediment. A comparison of chambers #1 
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TABLE 25 
WATER QUALITY PARAMETERS FROM ISOLATION CHAMBERS 
IN HIGHWAY RUNOFF RETENTION POND AT MAITLAND 
INTERCHANGE DURING JANUARY 5 - FEBRUARY 21, 1983 
Incubation Phosphorus Chamber Period pH Alkalinity DO i,ig/l) Number (days) (mg/l) (mg/l) Diss. Total OP OP 
1 0 7.3 58 6.9 
control 1 7.4 6.4 
with 3 7.0 3.5 
sediment 5 6.9 60 1.0 5 13 
contact 8 7.0 61 0 5 7 
12 6.9 70 0 9 24 
16 6.9 73 0 6 13 
19 7.2 75 0 20 42 
22 7.1 75 0 32 52 
26 7.0 76 0 40 72 
30 75 0 23 34 
34 6.9 59 0 34 63 
36 6.8 74 0 49 68 
·40 6.9 85 0 60 71 
43 7.0 83 0 52 69 
47 6.9 75 0 46 67 
2 0 7.3 56 6.8 
with 1 7. 1 5.5 
sediment 3 6.9 2.0 
contact, 5 6.8 63 0.5 7 24 
NO - 8 6.9 64 0 7 27 ad~ed 12 6.8 73 0 9 33 
16 6.9 78 0 11 24 
19 7.1 83 0 29 47 
22 6.9 83 0 32 52 
26 6.9 86 0 42 58 
30 87 0 30 42 
34 6.9 79 0 25 42 
36* 6.9 92 0 38 54 
TP 
59 
58 
74 
70 
72 
94 
81 
73 
82 
74 
73 
77 
79 
88 
90 
96 
85 
88 
94 
89 
97 
90 
80 
40 7.0 103 0 44 120 205 
43 7.0 99 0 55 100 150 
47 7.0 93 0 46 64 106 
3 0 7.3 55 7.0 
with l 7.1 6.1 
covered 3 6.9 3.5 
bottom 5 6.9 60 1.6 14 51 161 
B 7.0 60 0.6 9 29 104 
12 6.8 66 0 22 31 108 
16 6.9 64 0 11 28 93 
19 6.9 69 0 20 36 91 
22 6.9 70 0 29 42 79 
26 6.9 70 0 42 70 84 
30 72 0 28 37 93 
34 6.9 58 0 25 35 92 
36 6.9 68 0 36 62 77 
40 6.9 79 0 45 67 79 
43 6.9 74 0 54 67 75 
47 6.9 75 0 41 57 113 
* Addition of 340 µg No3-N/liter to chamber after sampling. 
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TABLE 26 
WATER QUALITY PARAMETERS FROM ISOLATION CHAMBERS 
IN HIGHWAY RUNOFF RETENTION POND AT MAITLAND 
INTERCHANGE DURING FEBRUARY 21 - MARCH 29, 1983 
Incubation Chamber Period pH Alkalinity DO Number (Days) (mg/l) (mg/l) 
1 0 8.3 
Control 3 7.0 55 4.8 
with 7 7.2 65 0 
sediment 10 0 
contact 15 7.1 70 0 
17 0 
22 6.8 84 0 
28 6.5 88 0 
36 6.7 94 0 
2 0 8.3 
with 3 6.9 58 3.9 
sediment 7 7.0 55 0 
contact, 10* 0 
N03- 15 6.9 63 0 
added 17** 0 
22*** 6.8 72 0 
28 6.5 72 0 
36 6.5 77 0 
3 0 8.3 
with 3 7.2 53 7.7 
covered 7 7.2 52 6.1 
bottom 10 5.4 
15 7.1 52 3.5 
17 2.8 
22 6.8 53 1.8 
28 6.5 52 1.0 
36 6.6 58 0 
* Addition of 340 µg N03-N/l to chamber 
** Addition of 380 µg N03-N/l to chamber 
*** Addition of 8000 µg N03-N/l to chamber 
Phosphorus 
(µg/l) 
Diss. Total 
OP OP 
3 15 
4 17 
12 32 
30 49 
54 69 
59 73 
2 15 
7 16 
11 26 
17 30 
18 22 
11 18 
27 45 
11 11 
9 9 
8 13 
12 12 
14 14 
TP 
62 
25 
60 
65 
87 
73 
66 
36 
48 
55 
51 
73 
23 
10 
18 
17 
29 
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(control) with #2 (nitrate addition) indicates the action of the 
nitrate on the system. Further discussion of this phenomena will 
be presented later. 
EPCOT Pond 
Two sets of isolation chamber experiments were conducted at 
EPCOT and are summarized in Table 27 and the data is presented in 
Tables 28 and 29. Each experiment was initially conducted aero-
bically for approximately one month and then the air was terminated 
and each chamber was allowed to go anaerobic. Measured DO values 
taken during the aerobic phase indicated that an acceptable level 
of oxygen was available throughout that phase. 
Experiment 
First 
Second 
TABLE 27 
SUMMARY OF ISOLATION CHAMBER EXPERIMENTS 
CONDUCTED AT EPCOT RETENTION POND 
Period Conditions 
March 25 - April 18 Aerobic 
April 21 - May 24 Anaerobic 
June 1 - June 30 Aerobic 
July 5 - November 7 Anaerobic 
A nutrient solution was added to tanks #2 and #3 on day seven 
during each set of experiments. The solution was concentrated to 
provide approximately 1 mg/l phosphorus and 3 mg/l ammonia upon 
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inital mixing. This desired effect was achieved and day seven 
samples taken after mixing exhibit phosphorus concentrations near 
1 mg/l (Tables 28 and 29). Phosphorus concentrations within the 
tank with sediment content (#2) dropped rapidly after addition, 
although the slope of the decline was different for the two runs. 
It was later concluded that the first run was influenced by the 
settling of turbidity. The #3 tank of the second run exhibited 
a phosphorus concentration that declined slowly through the aerobic 
phase and continued to decline throughout the anaerobic phase as 
well. Note that this tank was covered at the bottom by a plastic 
lid. 
Phosphorus Interactions 
The dissolved orthophosphorus (OP), total orthophosphorus 
(TOP), and total phosphorus (TP) averaged 11 ± 11, 14 ± 11, and 33 
± 17 µg-P/l for 37 water samples from Maitland Pond and 13 ± 7, 
27 ± 13, and 8~ ± 40 µg-P/l for 34 water samples from EPCOT Pond. 
The relatively high TP in EPCOT Pond resulted from high turbidity. 
EPCOT Pond is new and has not fully stabilized from disturbance 
during the construction phase. It is also located in a swampy area 
with dark organic bottom sediments and initial water samples 
contained dark flocculant material. Secchi-disc transparency depth 
was very low initially and later never more than 0.5 m. On the 
other hand, the water in Maitland Pond was clear and the secchi-disc 
could be seen at the bottom of 1.5-2.0 m. 
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Phosphorus appears to accumulate in the bottom sediments and 
the TP accumulation follows an exponential relationship with sediment 
core depth as follows: 
TP = Ae-KZ 
where: 
TP = mg-P/g dry weight of sediment 
Z = sediment depth, cm 
A and K are constants 
For Maitland Pond, A= 4.9, K = 0.91, n = 43 and r = -1.00; however, 
for EPCOT Pond, A= 125, K = 0.05, and n = 5 with r = -0.94. Most 
of the phosphorus content is associated with the upper 5 cm sediment 
J layer as shown by Figure 19. A material balance analysis revealed 
that 99% of the TP input during seven years has accumulated in the 
sediments. Furthermore, the present aerobic conditions in the upper 
0.5 cm layer of bottom sediments prevent release of phosphorus into 
the water column. In addition, seasonal release of phosphorus was 
not observed. 
The concentration of soluble phosphorus in the interstitial 
water of the upper layers of sediment is more than 100 times the 
average soluble phosphorus in the water column. Migration of 
phosphorus from the bottom sediments to the overyling water column 
is enhanced by concentration gradient and anaerobic environment. 
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Redox potential measurements of sediment cores from Maitland 
Pond revealed that the top 0.5 cm was aerobic with Eh values greater 
than 200 mV. Eh values for the upper 5.0 cm of the sediment core 
did not decline below 0 mV. Nitrification/denitrification processes 
can occur under these potentials. Also, release of phosphorus is 
prevented by the aerobic conditions and high redox potentials. 
However, isolation chamber experiments indicated that a slow release 
of phosphorus would occur from both ponds under anaerobic conditions. 
The Bio-Production Number (BPN) was 0.14 and 0.05 for Maitland 
and EPCOT Ponds, respectively (see Figure 20). The BPN states the 
slope of the regression line of nitrogen concentration versus organic 
content for the sediments. Hakanson (1981) has used this relationship 
to describe the trophic state of a lake: 
BPN < 0.3 
0.3 < BPN < 0.5 
BPN > 0.5 
Oligotrophic 
Mesotrophic 
Eu trophic 
Therefore, by this analysis, both ponds are within a solid oligo-
trophic state which corresponds to the high water and sediment 
quality stated earlier for Maitland Pond. Apparently, EPCOT Pond 
water will be of quite high quality after turbidity has settled. 
Improvement to EPCOT Pond water was observed during the experimental 
period. 
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The sediment oxygen demands (SOD) were 1 and 400 mg-o
2
/m2-day 
for Maitland and EPCOT Ponds, respectively. Values of 0.9 and 1.8 
2 to 2.6 mg-0 2/m -day have been reported by Yousef et al. (1981) 
and · Edeberg and Holzetar (1973), respectively. The very high EPCOT 
values must be attributed to the high turbidity condition at the 
pond. This value is expected to decrease substantially once the 
pond is fully stabilized and turbidity is decreased, but this may 
take a year or two. At that time, the sediments should be re-
evaluated to determine conditions in a pond developed from a swampy, 
lowland pre-condition. 
Uptake and release of phosphorus under aerobic as well as 
under anaerobic conditions inside experimental isolation chambers 
located in Maitland and EPCOT Ponds were investigated. The data 
presented in Figures 21 and 22 depict the interactions of dissolved 
orthophosphorus (OP) and total phosphorus (TP) between sediments 
and the overlying water inside the isolation chamber. 
Release of phosphorus from bottom sediments was not observed 
during aerobic environment within the isolation chamber. Maintaining 
aerobic conditions at the water-sediment interface will not only 
limit phosphorus release, but in addition, phosphorus can be sorbed 
by the sediments (Fillos, 1977). Maitland Pond OP was sampled at 
130 µg-P/l after a heavy storm and 2 days later, background levels 
of 10 µg/l were present. The uptake of phosphorus in EPCOT Pond 
under aerobic conditions presented in Figure 21 can be modeled as 
shown in Table 30. Phosphorus is expressed in µg-P/l and t is 
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incubation time in days. The data indicates that the phosphorus 
uptake is very slow in the absence of bottom sediment contact with 
the overlying water column (IC-3) when compared with the uptake 
rate in the chamber with sediment contact (IC-2). There was no 
uptake in the control isolation chamber (IC-1) where no phosphorus 
was added to the water column. The data seems to suggest that one-
third of the incoming OP will be removed within one week by 
deposition, precipitation, and adsorption. Additionally, plant 
uptake may enhance the removal of incoming phosphorus from the water 
column. The average OP removal is estimated at 18.9 mg-P/m2-day 
and the TP removal is estimated at 20.5 mg-P/m2-day. Note that 
these values are over 100 times greater in value than the anaerobic 
OP release rate for the same pond. This study indicates that a 
healthy shallow pond, and perhaps even a newly constructed pond, 
properly managed can accumulate large inputs of phosphorus and 
stil l maintain good water quality. 
TABLE 30 
DECLINE OF PHOSPHORUS WITH INCUBATION TIME 
INSIDE ISOLATION CHAMBERS AT EPCOT POND 
Isolation Chamber Phosphorus Relationship Form 
IC-2 with sediment OP OP = 723e-0.15t 
TP TP = 769e-0.10t 
IC-3 without sediment OP OP = 640e-0.02t 
TP TP = 750e-0.02t 
n r 
8 0.98 
8 0.96 
8 0.93 
8 0.97 
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Release of phosphorus under anaerobic conditions is a well 
documented phenomenon (Mortimer, 1941) and it has been observed 
during this study even though the rate is relatively low as shown 
by Figure 21. The release of phosphorus follows the linear 
expressions: 
OP= 5.0 + l.34t 
OP= 11.4 + 0.38t 
OP= 16.7 + 0.79t 
Control IC-1 in Maitland Pond 
Control IC-1 in EPCOT Pond 
IC-2 in EPCOT Pond 
The number of observations were 12, 10 and 10 and the correlation 
coefficients were 0.89, 0.92 and 0.97, respectively. As expected, 
the slope of the line for Maitland IC-1 was more than three times 
the slope for EPCOT IC-1 since more phosphorus is stored in the 
Maitland Pond sediments than the new EPCOT sediments. This 
phenomenon was supported by the data from EPCOT IC-2 which contained 
higher phosphorus in the sediment resulting from the dosing of 
phosphorus during the aerobic phase of the experiment. The average 
OP release can be estimated by 0.9, 0.3 and 0.5 mg-P/m2-day for 
Maitland IC-1, EPCOT IC-1 and EPCOT IC-2, respectively. As shown 
in Table 5 in Chapter II, phosphorus release rates vary signifi-
cantly, but are high compared with the values determined by this 
study. These results indicate that newly constructed ponds will 
be able to act as phosphorus sinks for many years before any phos-
phorus release from the bottom sediments under anaerobic conditions 
will occur. Under proper management to maintain aerobic conditions 
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at the sediment surface, this phosphorus can be held within the 
sediments without detrimental effects to water quality. 
The use of nitrates as an alternate oxygen source to increase 
redox-potential has been investigated and used as a successful 
lake restoration method (Bostrom, 1980 and Ripl, 1976). Isolation 
chamber experiments conducted at Maitland Pond confirm this theory 
in a small shallow pond sediment. The idea would be to inject 
secondary treated wastewater effluent as a cheap nitrate source. 
Of course, the use of effluent, although technically feasible, 
would have to gain popular and political favor before addition. 
The unfavorable wastewater loading of BOD to the lake with a 
possible lowering of DO levels would have to be carefully considered 
and evaluated. The existence of an oxidized layer at the sediment 
surface is a fundamental factor for the removal of phosphorus from 
the water phase and the prevention of phosphorus release from the 
sediments. It is important to note that the sediment phosphorus is 
close to the surface and, therefore, available for release to the 
overlying water-phase if conditions become appropriate. However, 
if year-round aerobic conditions can be maintained at the sediment-
water interface, then the sediments show a capacity to sorb and hold 
a great deal of phosphorus even to the extent that sediment and 
interstitial water phosphorus levels are several orders of magnitude 
greater than the water. In addition, this can be achieved by a 
116 
pond displaying good water and sediment quality. The obvious 
question is how long a pond sediment will continue to function as 
a phosphorus sink before nutrient levels are so high to cause 
deterioration of the system with poor water quality as a result. 
At this point, the upper sediment layer could be removed with all 
the associated nutrients and heavy metals and replaced with an 
inorganic layer that once again would create the aerobic environment 
CHAPTER VI 
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
Roadside swales and ponds are commonly used to infiltrate 
highway runoff and to convey rainfall excess to selected locations 
for retention, detention, storage or discharge to adjacent water 
bodies. Their effectiveness for pollution control needs to be 
investigated since our knowledge as to the fate of highway pollu-
tants flowing over swales and through ponds is scarce or non-
existant. Therefore, the Florida Department of Transportation 
(FDOT) and the Federal Highway Administration (FHWA) sponsored a 
research project to study "Best Management Practices for Highway 
Runoff" by researchers at the Department of Civil Engineering and 
Environmental Sciences, University of Central Florida. Two sites 
were carefully instumented for the study, at Maitland Interchange 
and I-4, and at EPCOT Interchange and I-4, near Orlando, Florida. 
One phase of this study was to evaluate the effectiveness of road-
side swales and ponds in the removal of highway pollutants. 
Phosphorus Removal by Roadside Swales 
Six swale experiments were conducted with four studies per-
formed at Maitland and two at EPCOT. Simulated highway runoff was 
allowed to flow over the designated swale area for periods of 3-5 
117 
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hours. Water samples from inlet, outlet and intermediate stations 
along the swale were collected for analysis to establish quantita-
tive and qualitative data on the effectiveness of swales for pol-
lution control. Additional samples were collected, during a 
separate part of this study, directly from surface runoff and from 
highway runoff after flowing over swale area. 
Concentrations of phosphorus in highway runoff flowing over 
roadside swales may decline, increase or remain constant depending 
on site specific environment, flow conditions and antecedent con-
ditions. All three possibilities were observed during the swale 
experiments conducted during this study. The four swale experiments 
conducted at Maitland resulted in net removal effeciencies of 
0-47% for dissolved orthophosphorus (DOP). However, two of the 
tests resulted in only 0 and 12% removal. The EPCOT swale was 
divided into two sections, 0-90 m and 90-170 m, because of the re-
sults and different characteristics of the two sections. Results 
for the two EPCOT swale experiments indicate a 10 and 28% DOP re-
moval for the first 90 m section. However, for the 90-170 m sec-
tion, the first EPCOT study conducted during dry weather exhibited 
a mere 1% reduction of DOP. The second EPCOT experiment was con-
ducted during wet weather period and the DOP concentration in-
creased 67% above initial input concentrations during flow through 
the 90-170 m s.ection. 
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Similarly, the total phosphorus (TP) concentration was re-
duced 7-48% during the four Maitland experimental runs. Only the 
first EPCOT study exhibited a decline in TP of 9% overall and 8 
and 1% respectively, over the first and last sections. TP in-
creased by 6 and 40% over the two sections during the second EPCOT 
study with a 48% overall increase of TP for the entire swale 
length. The last 90-170 m section of the EPCOT swale is in a low 
lying area and characterized by darker organic soils and was quite 
wet prior to the start of the second EPCOT swale experiment. The 
chemical properties of water saturated soil are similar to bottom 
sediments of a pond under anaerobic conditions; that is, reduced 
conditions can exist with an absence of oxygen just below the soil 
surface. Reduced conditions would favor the release and resus-
pension of phosphorus. 
During the last swale study conducted at Maitland, additional 
samples were taken as the initial flow reached each sampling sta-
tion. These samples were collected to determine the first flush 
effect of the initial flow volume. The phosphorus concentration 
increased gradually as the runoff water proceeded through the 
length of the swale. DOP increased from 338 to 492 ug-P/l and TP 
increased from 348 to 561 ug-P/l. DOP increased 146% and TP in-
creased 161% along the 53 m swale. Thus, the first flush of flow 
to reach the outlet of the swale was more polluted than when it 
started at the inlet. 
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Additional samples were taken directly from highway surface 
runoff and from runoff after flowing over swale areas. These 
samples were not collected during the controlled swale experi-
ments but rather represent actual highway runoff from storm events. 
Results indicate that the phosphorus concentration was higher in 
the samples collected after flowing over a swale area than in the 
direct highway surface runoff samples. The DOP, OP and TP in-
creased from 49, 71 and 137 to 144, 155 and 212 ug-P/l respectively, 
for one swale area sampled at the swale inlet (direct highway run-
off - Station #4) and the swale outlet (runoff collected after 
flowing over this swale area - Station #6). After reviewing the 
sample procedures, these results may represent the first flush 
effect at the outlet, while the inlet sample was sufficiently 
flushed so that the sample collected was not the first volume of 
water to enter the sample container. 
The discussion so far has dealt with the concentration change 
of phosphorus after flowing over a swale area. Phosphorus mass 
removal rates were dependent on infiltration rates and varied from 
26 to 100% of dissolved total phosphorus mass applied to the Mait-
land swale area. Average retention rates varied from 7 to 61 
2 
ug-P/m /hr. Of course, if the inlet flow is so low that the runoff 
never reaches the outlet, as in one Maitland study, then 100% of 
the phosphoru~ mass is retained on-site. At the EPCOT swale site, 
the first 0-90 m section retained phosphorus mass at 4 and 46 
121 
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mg-P/m /hr, resulting in 30 to 40% mass removal. However, phos-
phorus mass increased slightly over the second 90-170 m section 
during the second EPCOT experiment. The question arises if the 
retention of this phosphorus mass is permanent or does the phos-
phorus mass settle temporarily only to be "first flushed" during 
the next heavy rain. Data collected during this study was unable 
to supply that answer. 
Phosphorus Removal by Roadside Ponds 
Data was collected from the Maitland and EPCOT Interchanges 
to provide information on the fate of nutrients in detention/ 
retention ponds receiving highway runoff. Samples of stormwater, 
pondwater, · water from isolation chambers, bottom sediments and 
plants were taken from several sampling points and under various 
conditions. The samples were analyzed especially for phosphorus 
species. 
A primary objective of this study was to determine the act-
ual water and sediment quality of the ponds as a basis for evalu-
ating loading-effect relationships and nutrient mass balances. 
Therefore, special efforts were made to quantify and qualify the 
eutrophication state of the ponds. The very low phosphorus con-
centration of Maitland Pond should be especially noticed: 
Dissolved orthophosphorus 11 + 11 ug-P /1 
Total orthophosphorus 14 + 11 ug-P /1 
Total phosphorus 33 + 17 ug-P/l 
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Furthermore, the Secchi disc depth always exceeded the actual water 
depth (1.5-2.0m) and DO concentrations varied during this period 
between 5 and 11 ng/l. 
The phosphorus concentrations of EPCOT Pond were somewhat 
higher: 
Dissolved orthophosphorus 
Total orthophosphorus 
Total phosphorus 
13 + 7 ug-P/l 
25 + 14 ug-P/l 
84 + 40 ug-P/l 
However, the high total phosphorus levels at EPCOT were due to 
turbidity that had not completely settled from disturbance due to 
construction activities. The water quality of EPCOT Pond improved 
and the nutrient levels declined as the study progressed. 
Due to the exchange reactions between the water phase and the 
sediments, the high water quality observed at Maitland Pond was 
also expected to be found in the sediments. Measurements of redox 
potential profiles in the sediments showed that approximately the 
upper 0.5 cm layer was oxidized. These findings indicate that ex-
changes taking place at the water-sediment interface are dominated 
by aerobic processes. Also, these processes are possible in the 
sediment itself. 
Based on 45 sediment core samples from the Maitland Pond, the 
level of bioproduction can be described by the Bioproduction Index 
which in this case equalled 0.14. This BPN value corresponds to 
an oligotrophic state within the pond which agrees with the 
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previously mentioned high water quality. The final conclusion 
must be that the water and sediment quality in the Maitland Pond 
is at a high level when evaluated based on nutrient concentrations, 
oxyge~ conditions and trophic state indicators. 
The high water and sediment quality observed in the Maitland 
Pond is actually not expected in a detention/retention pond re-
ceiving highway runoff. Usually very low loadings of nutrients 
to shallow lakes are acceptable if eutrophication is to be avoid-
ed. Typical values of acceptable phosphorus loadings are about 
2 0.1 g-P/m /yr. Therefore, it is interesting to note that the 
actual calculated phosphorus loading to the Maitland Pond is about 
2 5.0 g-P/m /yr. A mass balance analysis revealed that over 99% of 
the phosphorus mass taken into the Maitland Pond, during the seven 
years the pond has been operating, has accumulated in the bottom 
sediments. Sediment cores indicate that the majority of this phos-
phorus mass is held in the top 5 cm layer. Thus it becomes evi-
dent that this phosphorus mass is held in the sediment by oxidized 
conditions at the water-sediment interface. The sediments act as 
a very important nutrient sink. 
Release of phosphorus from the sediments was studied by in 
situ isolation chambers. No release of phosphorus was observed 
under aerobic conditions. In fact, phosphorus was readily sorbed 
by the sediments under aerobic conditions. However, release of 
phosphorus did occur from both Maitland and EPCOT sediments under · 
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anaerobic conditions created within the isolation chambers. Phos-
phorus release rates were 0.9 and 0.5 mg-P/m2/day for Maitland and 
EPCOT Ponds, respectively. 
Conclusions 
The main objective of this study was to investigate the fate 
of phosphorus in swales and detention/retention ponds receiving 
highway runoff, in an attempt to develop important criteria for the 
design of these stormwater management systems based on water qual-
ity improvements. Currently, designs of swales and ponds are limit-
ed to hydraulic criteria and very little is known about quality im-
provement and removal efficiencies for nutrients. This study re-
sulted in the following conclusions: 
1. Detention/retention ponds are effective in the removal of 
phosphorus from highway runoff as evidenced by the high water 
quality and oligotrophic state in the Maitland Pond. 
2. About 99% of the total phosphorus mass loading to Mait-
land Pond during seven years of use has accumulated in the sediments. 
The sediments act as a very important phosphorus sink. 
3. The Maitland Pond achieves efficient phosphorus removal 
even though the pond is subjected to a very high areal loading of 
phosphorus equal to 5.0 g-P/m2/yr. 
4. Maintenance of a permanent oxidized top sediment layer 
is the key factor for nutrient removal. Adequate oxygen concen-
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trations and aerobic conditions at the water-sediment interface 
and in the upper sediment layer of approximately 1 cm must be 
achieved. Under aerobic conditions, phosphorus is readily sorbed 
by the sediments. 
5. Anaerobic conditions in the water body and in the top 
layer of sediment are undesirable since they favor the release of 
phosphorus from bottom sediments. Phosphorus release rates under 
anaerobic conditions were 0.9 and 0.5 mg-P/m2/day for Maitland 
and EPCOT Ponds respectively. 
6. Swales may not be a reliable method of treatment for 
runoff water. Additional treatment of the water may be required 
before the release of highway runoff into the adjacent receiving 
water body. 
7. Concentrations of phosphorus in highway runoff flowing 
over roadside swales may decline, increase or remain constant 
depending on flow characteristics, swale environment and ante-
cedent conditions. Water-logged soils tend to become anaerobic 
and favor the release of phosphorus. 
8. Significant phosphorus mass removals can be achieved 
if infiltration losses are considered. If no water reaches the 
downstream discharge, then the swale is 100% efficient and all 
nutrients are retained on site. Therefore, retention of as much 
water as possible on the swale area will reduce the phosphorus 
loading to the receiving water body. 
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9. Phosphorus retained on site may be actively held close 
to the swale surf ace and become available to the "first flush" of 
larger storm events. 
10. Swales built on high ground with good drainage and high 
infiltration rates showed good mass removal rates for phosphorus 
in highway runoff (30-100 %). 
11. Slower velocities through the swale will enhance the 
infiltration rate and increase the fraction of phosphorus retained 
by the swale. 
Recommendations 
1. Maintain aerobic conditions at the water-sediment inter-
face by the design of shallow ponds with the use of coarse materials 
(sand) as the bottom layer. 
2. Maintenance procedures may be developed to remove excess-
ive debris deposits at the time when anaerobic conditions persist 
within the top layer of sediment. Older ponds should be studied 
to estimate the deterioration time of detention/retention pond 
sediments. The time of deterioration may be expected to be site 
and climate specific. 
3. The swale efficiency can be improved by increasing con-
tact time and infiltration rates, therefore, it is recommended: 
a. Reduce longitudinal slopes as much as possible. 
b. Increase surface area by increasing wetted perimeter to 
cross section area ratio using flat side slopes whenever 
possible. 
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c. Swales are less efficient for pollutant removal in areas 
where portions remain wet most of the time as a result of 
low ground. 
d. Maximun on-site retention by storage of runoff water in 
swales built on upland areas may be achieved by earthen cross 
barriers (swale blocks) at selected length intervals 
along the swale. 
e. Plant a thin cover crop for erosion control and follow 
effective maintenance procedures, removal of grass 
clippings, loose debris and litter is desirable if 
practical. 
f. Consider slow growing grass species with low maintenance 
requirements and avoid thick and rapidly growing grass 
wherever possible. 
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